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ABSTRACT . 

Magnetoencephalography (MEG) i s  a non-invasive imaging technique 

which measures the  magnetic f i e l d s  assoc ia ted  with synchronous e l e c t r i c a l  

a c t i v i t y  of t he  brain.  Such synchronizat ion may be  produced 

experimental ly ,  f o r  example by sensory s t imula t ion ,  but  a l s o  occurs 

n a t u r a l l y  i n  cases  of epilepsy. Focal ep i l ep t i fo rm a c t i v i t y  produced i n  

t h e  b r a i n  of p a t i e n t s  with complex p a r t i a l  ep i l epsy ,  i s  the r e s u l t  of the  

f i r i n g  of groups of c e l l s ,  the  magnetic f i e l d s  of which can be recorded 

with a s e n s i t i v e  instrument known a s  a Superconducting Quantum 

In t e r f e r ence  Device o r  SQUID. T rad i t i ona l ly ,  scalp-recorded e l e c t r i c a l  

p o t e n t i a l s  have provided es t imates  of the  l oca t ion  of f o c a l  abnormal 

a c t i v i t y  i n  the  brain.  Because, un l ike  the  s ca lp  p o t e n t i a l s ,  MEG i s  n o t .  

d i s t o r t e d  by in te rvening  t i s s u e s  and the  s k u l l ,  t he  magnetic f i e l d s  m y  be 

used t o  m r e  accura te ly  l o c a l i z e  the e p i l e p t i c  focus. 

Recent s t u d i e s  have suggested t h a t  maps of magnetic f i e l d  recordings 

from ind iv idua l s  with p a r t i a l  ep i lepsy  may provide accu ra t e  l o c a l i z a t i o n  

e s t ima te s  f o r  sources of abnormal a c t i v i t y .  The presen t  study was 

designed t o  r e p l i c a t e  those s t u d i e s  and t o  test a technique f o r  l o c a l i z i n g  

the  sources which uses  t he  f i e l d  m p s  a s  an i n i t i a l  estimate.  

Neuromagnetic a c t i v i t y  was recorded from two p a t i e n t s  with medically 

diagnosed complex p a r t i a l  epilepsy. Scalp p o t e n t i a l s  

(Electroencephalogram or  EEG) and magnetic a c t i v i t y  (Magnetoencephalogram 

o r  MEG) were recorded simultaneously. Abnormal e l e c t r i c a l  spike 

p o t e n t i a l s ,  de tec ted  with a semi-automated computer algorithm, were 

employed t o  average t he  MEG data. Magnetic f i e l d  maps were produced from 

t h e  averages of s equen t i a l  MEG recordings over d i f f e r e n t  s i t e s  of the  

head. I n  one dase,  t he  maps revealed magnetic f i e l d  pa t t e rns  assoc ia ted  

wi th  the  vol tage sp ikes  of the EEG which could be modelled a s  a cu r r en t  
'C 
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dipole .  The maps were used t o  give an  i n i t i a l  e s t ima te  of t he  l oca t ion  of 

the  f o c a l  i n t e r i c t a l  ep i l ep t i fo rm a c t i v i t y  f o r  t h i s  pa t ien t .  This i n i t i a l  

e s t ima te  was employed wi th in  an i t e r a t i v e  d ipo le  l o c a l i z a t i o n  computer 

program which produced d ipole  es t imates  accounting f o r  a l a rge  amount of 

t he  f i e l d  p a t t e r n  var iance over the  scalp.  Resul t s  from t h e  d ipo le  

l o c a l i z a t i o n  program were compared with tomographic s t r u c t u r a l  images f o r  

each p a t i e n t  produced by Magnetic Resonance Imaging. I n  a second case  the  

maps ind ica ted  f i e l d  pa t t e rns  of a complex na tu re  which could not  e a s i l y  

be explained i n  terms of the  dipole  model. 

The f ind ings  a r e  discussed wi th  respec t  t o  cu r r en t  conceptua l iza t ions  

of source models i n  magnetoencephalography. 
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INTRODUCTION 

Magnetoencephalography (MEG) i s  a non-invasive technique which 

m a s u r e s  the  magnetic f i e l d s  assoc ia ted  with e l e c t r i c a l  a c t i v i t y  of the 

brain.  The technique of recording the  magnetic f i e l d s  of the b r a i n  i s  of 

i n t e r e s t  t o  researchers  f o r  two reasons. F i r s t l y ,  un l ike  the sca lp  

electroencephalograph (EEG), the  MEG a r i s i n g  from sources i n  the  b r a i n  i s  

not d i s t o r t e d  by in te rvening  t i s s u e s  such a s  the  s k u l l  and dura, and hence 

the  f i e l d  pa t t e rn  i s  more f o c a l  and accura te  than t h a t  of the EEG. The 

EEG measures volume cu r ren t  a t  the sca lp  which has been d i s t o r t e d  and 

a t tenuated  by in te rvening  t i s s u e  (Geis le r  & Gerstein,  1961, from Cohen & 

Hosaka, 1976). Secondly the  MEG f o r  the l a rge  pa r t  de t ec t s  the  t angen t i a l  

component of the underlying a c t i v i t y ,  while the EEG mainly de t ec t s  the 

r a d i a l  component. Thus, the  MEG may provide information not  access ib le  

with the  EEG (Cohen & Cuffin,  1983). These d i f f e r ences  between the two 

techniques suggest t h a t  i n  some respec ts  t he  MEG i s  capable of providing 

a d d i t i o n a l  and more accura te  information about sources of a c t i v i t y .  

Synchronized f i r i n g  of neurons produces magnetic f i e l d s  which a r e  

l a rge  enough t o  be measured with t h e  MEG. Such synchronization occurs 

n a t u r a l l y ,  a s  i n  the  case  of background alpha a c t i v i t y ,  o r  may be produced 

experimental ly ,  f o r  example by sensory s t imulat ion.  I n  some cases ,  

abnormal b r a i n  a c t i v i t y  i s  highly synchronized, a s  i n  ep i lepsy  which i s  

t h e  r e s u l t  of f i r i n g  of groups of c e l l s .  T rad i t i ona l ly ,  scalp-recorded 

e l e c t r i c a l  p o t e n t i a l s  (EEG) have provided loca t ion  es t imates  of 

ep i lep togenic  abnormali t ies  i n  the brain.  However, because, unl ike sca lp  

p o t e n t i a l s ,  MEG i s  not d i s t o r t e d  by in te rvening  t i s s u e s  and the s k u l l ,  the 

magnetic f i e l d s  may be used t o  more accura te ly  l o c a l i z e  an e p i l e p t i c  

focus. 



Several  au thors  ha,ve reported MEG f ind ings  i n  f o c a l  epi lepsy (ep i lepsy  

which a r i s e s  from circumscribed a reas  of the b r a i n )  (e.g., Barth, 

Sutherl ing,  Engel & Beatty,  1982, 1984a; Kicci ,  1983; Sato e t  a l . ,  1985) 

mostly with the  in t en t ion  of i nves t iga t ing  MEG a s  a  t o o l  f o r  l o c a l i z i n g  

t h e  abnormal a c t i v i t y  i n  the  brain.  The a c t u a l  number of sub jec t s  f o r  

whom prec ise  and v e r i f i e d  l o c a l i z a t i o n  has been reported is ,  however, 

small. I n  addi t ion ,  some of the  r epo r t s  i n  the  l i t e r a t u r e  s t a t e  t h a t  

s eve ra l  p a t i e n t s  a r e  being inves t iga t ed ,  ye t  d i scuss  d e t a i l e d  r e s u l t s  from 

a  subset  of those sub jec t s  (Barth e t  a l . ,  1984a; Eticci, 1983). As a  

consequence, i t  is  unclear  whether the  technique is  appropr ia te  f o r  use i n  

a l l  cases  of f o c a l  ep i lepsy ,  o r  whether the  MEG i s  more s u i t a b l e  f o r  some 

than f o r  others .  It a l s o  remains unclear  a s  t o  whether cu r r en t  methods of 

d a t a  c o l l e c t i o n  and a n a l y s i s  a r e  appropr ia te  f o r  a l l  pa t i en t s ,  o r  whether 

t h e  techniques employed w i l l  depend upon the  type of case under 

inves t iga t ion .  I n  addi t ion ,  u n t i l  a  l a r g e r  number of cases  i s  documented 

i t  i s  impossible t o  know the  f u l l  range of v a r i a b i l i t y  between f ind ings  

from d i f f e r e n t  pa t ien ts .  

The i n t e n t i o n  of t h i s  study was t o  record the  d i s t r i b u t i o n  of magnetic 

f i e l d s  assoc ia ted  with the  i n t e r i c t a l  (between se i zu re )  EEG discharges of 

sub jec t s  with complex p a r t i a l  ep i lepsy  (a form of ep i lepsy  which has i t s  

genesis  i n  f o c a l  a r eas  of the b r a i n ) ,  and t o  use these da t a  t o  l o c a l i z e  

p rec i se ly  the source of the abnormal a c t i v i t y  i n  the  brain.  The technique 

of Magnetic Resonance Imaging, which t o m  gr aph ica l ly  images bra in  

s t r u c t u r e  with a  high degree of r e so lu t ion ,  was used t o  v e r i f y  the  MEG 

l oca l i za t ion .  It should be noted t h a t  i n  the present  work one of the  

assumptions cu r r en t ly  used i n  neuromagnetometry, t h a t  of a  single-sphere 

s k u l l  shape, was not  invoked i n  the  es t imat ion  of source locat ion.  As  a  

r e s u l t ,  t he  es t imat ion  of t he  d is tance  from the  source t o  t he  de tec tor  was 

more accurate.  



EP ILEP SY 

Although the  d i sorders  commonly r e f e r ed  t o  a s  t he  e p i l e p s i e s  have no 

simple d e f i n i t i o n ,  i t  i s  c l e a r  t h a t  ep i lepsy  i s  a symptom of underlying 

b r a i n  dis turbance with an assoc ia ted  "paroxysmal c e r e b r a l  dysrhythmia" 

(Gibbs, Gibbs & Lennox, 1937) r a t h e r  than a s p e c i f i c  d i s ea se  process. 

Such b r a i n  d i s turbances  may i s s u e  from many d i f f e r e n t  pa thologica l  

processes  occuring i n  d i f f u s e  o r  highly l oca l i zed  a r ea s  of b r a i n  t i s sue .  

As a r e s u l t  of the  v a r i a b i l i t y  i n  both pathogenesis and l o c a l i t y  of t he  

abnormality,  t he  symptomatic expression of the  d i so rde r  can be highly 

v a r i a b l e  between pa t ien ts .  Ep i l ep t i c  expressions range from the  dramatic 

t on i c - c lon i c  Grand Ma1 convulsion t o  s u b t l e  d i s turbances  i n  behaviour 

which may go undetected by observers  (Bosches & Gibbs, 1972). 

Grand Ma1 convulsions a r e  be l ieved  t o  involve widespread a r e a s  of t h e  

b ra in ,  hence t he  widespread e f f e c t s  of t h e  i c t a l  ( s e i zu re )  events.  I n  

c o n t r a s t ,  f o c a l ,  o r  p a r t i a l  s e i zu re s ,  a r i s e  from circumscribed a r e a s  of 

t h e  b r a i n  (Bosches et  a l . ,  1972), hence t h e  more l im i t ed  expressions of 

i c t u s ,  which show some c o r r e l a t i o n  with t he  s p e c i f i c  func t ion  of t he  b r a i n  

a r e a s  involved (Pedley , 1984). 

Of p a r t i c u l a r  i n t e r e s t  f o r  t h i s  study a r e  f o c a l  s e i zu re s  appearing t o  

a r i s e  from t h e  temporal lobe s t r u c t u r e s  o r  nearby s t ruc tu re s .  The 

c o n s t e l l a t i o n  of symptoms which &curs  i n  temporal lobe e p i l e p t i c  

d i so rde r s  has been wel l  descr ibed f o r  many years.  For example, Hughlings 

Jackson (1870 & 1888, from Gastaut,  1954) was w e l l  aware of the  

behavioural  and e x p e r i e n t i a l  symptoms of p a r t i a l  s e i zu re s  and a t t r i b u t e d  

them t o  a l e s i o n  o r  'mechanism' i n  t he  uncus o r  nearby s t ruc tu re s .  As 

previously noted, the  exac t  l oca t ion  of t he  abnormal i t i es  i n  the  temjioral 



lobe i s  of ten  unc lear ,  although sca lp  Electroencephalography (EEG) w i l l  

i n d i c a t e  a focus i n  t he  temporal area.  Thus, t he  d i sorder  i s  r e f e r r e d  t o  

i n  t h e  l i t e r a t u r e  by s e v e r a l  d i f f e r e n t  names: Temporal Lobe Epilepsy 

(TLE), t h e  term prefer red  by Penf ie ld  and Erickson, 1941 ( c i t e d  i n  Bosches 

e t  a l .  , 1972) ; Psychomotor Epi lepsy (Gibbs e t  a l .  , l937) ,  and P a r t i a l  

Comp3ex Epi lepsy (PCE) (Gastaut ,  1970). The p a r t i c u l a r  t e r m  p r e f e r r ed  by 

var ious  au thors  r e f l e c t s  e i t h e r  preference t o  descr ibe  symptoms, a s  i n  t h e  

ca se  of psychomotor and p a r t i a l  complex ep i lepsy ,  o r  presumed a rea  of 

s e i z u r e  o r i g i n ,  a s  i n  t he  ca se  of temporal lobe epLlepsy. The t e r m  

temporal lobe ep i l epsy  has been c r i t i c i z e d  on t h e  grounds t h a t  t he re  is  

s u b s t a n t i a l  evidence t o  i n d i c a t e  t h a t  so-ca l led  temporal lobe s e i zu re s  can 

be experimental ly  induced by s t imu la t i on  of deep s t r u c t u r e s  such a s  t he  

hippocampus o r  t he  uncus, a s  w e l l  a s  from a s u p e r f i c i a l  focus ( Jasper ,  

1941; Gastaut,  1954). The d isorder  w i l l  be r e f e r r e d  t o  throughout t h i s  

d i scuss ion  a s  p a r t i a l  complex ep i l epsy  (PCE). 

PCE i s  i c t a l l y  expressed a s  automatic behavioural  a c t i v i t y  such a s  

picking a t  c lo thes ,  gus ta tory  phenomena and l i p  smacking, psychic 

mani fes ta t ions ,  and d is turbances  i n  consciousness (Gastaut ,  1970). A l l  o r  

some of these  symptoms may be presen t  i n  any one s e i z u r e ,  although wi th in  

p a t i e n t  v a r i a b i l i t y  i s  not  subs t an t i a l .  There have a l s o  been many r e p o r t s  

cha rac t e r i z ing  i n t e r i c t a l  behavioural  changes which include such symptoms 

a s  hyposexuality,  persevera t ion ,  hypergraphia and r i g i d  moral i ty  (reviewed 

i n  Lishman, 1978). Without doubt s e i zu re s  can be very d i s rup t ive  and the  

e f f e c t i v e  c o n t r o l  of s e i zu re s  i s  e s s e n t i a l  f o r  t h e  medical and s o c i a l  

wel l -be ing  of t h e  p a t i e n t  (Rasmussen, 1975). I n  most ca se s  medication i s  

e f f e c t i v e  i n  t h i s  regard;  however, some 30% of p a t i e n t s  remain r e f r a c t o r y  

t o  t r a d i t i o n a l  medical i n t e rven t ion  (Wilder, 1971). Focal ep i lepsy ,  

inc lud ing  t h a t  with elementary and complex syptomatology, i s  the  most 

common form of ep i lepsy  i n  t he  a d u l t  populat ion (Gastaut,  Gastaut,  



Gonclaves de S i lva  & Fernandez Sanchez, 1975) ; p a r t i a l  complex ep i lepsy  i s  

i n  t u rn  the  most common of the  f o c a l  e p i l e p s i e s  (Pedley, 1984). 

THE ELECTROENCEPHALOGRAM I N  EPILEPSY 

The a n a l y s i s  of s c a l p r e c o r d e d  electroencephalographic  (EEG) a c t i v i t y  

has provided the  t r a d i t i o n a l  technique f o r  l o c a l i z a t i o n  of the  i r r i t a t i v e  

b r a i n  f o c i  of e p i l e p t i c  pa t ien ts .  The major EEG f ind ing  i n  ep i lepsy  has 

been sp ike  o r  sharp wave a c t i v i t y ,  f i r s t  descr ibed i n  1929 by Berger. H i s  

observa t ions  have been repea ted ly  confirmed s ince  t h a t  time, both with 

r o u t i n e  r e s t i n g  EEG recordings and with s p e c i a l  a c t i v a t i o n  techniques such 

a s  intravenous metrazol (Gloor, 1975). Spike and sharp wave discharges 

a r e  d i s c r e t e  events  which a r e  genera l ly  of higher  vo l tage  than the  

background a c t i v i t y  (Pedley, 1984). The 'sharpness '  o r  dura t ion  of t he  

wave determines i t s  c l a s s i f i c a t i o n  a s  a  sp ike  o r  sharp wave. Spikes a r e  

def ined a s  having a  sharp o u t l i n e  and a  dura t ion  of approximately 80111s o r  

less, while sharp waves have a  dura t ion  of 80-200ms (Storm van Leeuwen e t  

a l . ,  1966). The dura t ion  appears t o  r e f l e c t  the  synchrony of t he  

discharging group of c e l l s  (Gastaut ,  1954; Pedley, 1984). Spikes and o r  

sharp waves may occur i n  t he  i n t e r - i c t a l  EEG a s  w e l l  a s  i n  i c t a l  

recordings (Golla,  Graham, Walter & Catnb, 1937); t h i s  f e a t u r e  a l lows f o r  

t h e  i d e n t i f i c a t i o n  of ep i lep togenic  events  without s e i zu re  ac t i va t ion .  

The s p e c i f i c  p a t t e r n s  of EEG changes a s soc i a t ed  with d i f f e r e n t  types of 

ep i lepsy  were documented i n  1937 by Gibbs e t  a l . ,  and although t h e i r  

f i nd ings ,  and the re fo re  t h e i r  de sc r ip t i ons ,  were modified by t h e i r  

recording technique (Walter, from Gastaut,  1953), they were t he  f i r s t  t o  

d i f f e r e n t i a t e  EEG f ind ings  i n  p a r t i a l  complex epi lepsy.  Although 

i n t e r i c t a l  sp ikes  o r  sharp waves a r e  extremely u s e f u l  i n  t he  diagnosis  of 

a l l  forms of ep i lepsy ,  s e v e r a l  au thors  have pointed ou t  t h a t  the  spike 



focus of the  i n t e r i c t a l  EEG, e spec i a l ly  i n  PCE, i s  not necessar i ly  

i d e n t i c a l  with the epi leptogenic area. Thus, f o r  maximum l o c a l i z a t i o n ,  

even with depth recordings,  i t  i s  necessary t o  record during se i zu re  onse t  

(Gloor, 1975; Ludwig, Ajmone Marsan & Van Buren, 1975; Ta la i rch  & Bancaud, 

1966). 

Although the  major advantage of the  scalp-recorded EEG i s  i t s  

non-invasive na ture ,  i t s  l o c a l i z a t i o n  power i s  somewhat l imited.  There 

a r e  four  major reasons f o r  t h i s :  F i r s t l y ,  in te rvening  t i s s u e s  and 

substances ( i .  e. , the  meninges, cerebro-spinal f l u i d ,  s k u l l ,  sca lp  and 

b r a i n  t i s s u e )  possess  d i f f e r e n t  r e s i s t i v i t i e s ,  r e s u l t i n g  i n  d i s t o r t i o n  of 

the  e l e c t r i c a l  po ten t i a l s  recorded a t  the sca lp  (Cuffin & Cohen, 1979). 

Secondly, these  f a c t o r s  cont r ibu te  t o  a t t enua t ion  of the  scalp-recorded 

neuronal a c t i v i t y .  Estimations of a t t enua t ion  based on simultaneous 

recordings from sca lp  and from b r a i n  t i s s u e  have varied: 10-to-1 

(Penf ie ld  & Jasper ,  1954), 60-to-1 (Abraham & Ajmone Marsan, 1958), o r  a s  

much a s  150-to-1 (Goldensohn, 1979; Pedley, Traub & Goldensohn, c i t e d  i n  

Pedley, 1984). The degree of a t t enua t ion  has been demonstrated t o  be due 

t o  two major f ac to r s :  (1 )  the  s i z e  of the  c o r t i c a l  a r ea  involved (Pedley, 

1984), and (2 )  t he  frequency of the s igna l ,  higher frequencies  ( e spec i a l ly  

above 15Hz) being a t tenuated  t o  a g rea t e r  degree than lower frequency 

s igna l s  (P fu r t s che l l e r  & Cooper, 1975). Thirdly,  i t  has been reported 

t h a t  some c o r t i c a l  po ten t i a l s  a r e  not  de t ec t ab le  a t  the  l e v e l  of the  sca lp  

(Abraham & Ajmone Marsan, 1958). Fourthly,  sca lp  recordings represent  the  

averaging of neuronal aggregates ( P f u r t s c e l l e r  & Cooper, 1975), and volume 

conduction (Cohen & Hosaka, 1976). Thus, i n  cases  of operable  r e f r a c t o r y  

ep i lepsy ,  the  rou t ine  EEG i s  now supplemented with recordings from 

subcor t i ca l ly  or  c o r t i c a l l y  placed electrodes.  



SURGICAL INTERVENTION I N  EPILEPSY 

As  previously mentioned, drug therapy i s  the  most common approach to  

s e i z u r e  c o n t r o l  i n  ep i lepsy ,  w$th an est imated 70% success  r a t e  (Wilder, 

1971). The remaining 30% of r e f r a c t o r y  ca se s  must r e l y  on o the r  methods 

of control .  Surgery i s  wst e f f e c t i v e  i n  ca se s  with c lear -cu t  

l a t e r a l i z a t i o n  of t he  focus. However, with bi temporal  abnormality,  the  

success  r a t e  i s  very much reduced, e s p e c i a l l y  when the  lobe s e l ec t ed  is 

i n c o r r e c t  (Wilder, 1971). Clear ly ,  a ccu ra t e  f o c i  l o c a l i z a t i o n  determines 

t h e  success  of s u r g i c a l  therapy. Accurate l o c a l i z a t i o n  i s  presen t ly  

achieved with the  placement of c o r t i c a l  and subco r t i ca l  e l ec t rodes  a s  

mentioned above (Cooper, Winter, Crow & Walter, 1965). Surg ica l ly  placed 

e l ec t rodes  o f f e r  t h e  s i g n i f i c a n t  advantage of r e l a t i v e  proximity t o  the  

source of abnormal e l e c t r i c a l  a c t i v i t y ,  thus circumventing the  problems of 

s ca lp  EEG. Unfortunately , these  techniques a l s o  have se r ious  

disadvantages including the  r i s k  of f u r t h e r  t i s s u e  damage and the 

p o s s i b i l i t y  of sampling e r ror .  Because invas ive  e l ec t rodes  a r e  only 

placed i n  areas which are r e sec t ab l e  (Crandel l ,  1983, c i t e d  i n  Suthsr l ing ,  

1985), i t  i s  n e i t h e r  f e a s u l e  nor e t h i c a l  t o  sample a l l  b r a i n  s t ruc tu re s .  

It i s  a l s o  impossible t o  rep lace  t he  e l ec t rodes  once they have been 

pos i t ioned  (Ta l ia rch  & Bancaud, 1966). These disadvantages have been, i n  

p a r t ,  respons ib le  f o r  t h e  cu r r en t  i n t e r e s t  i n  developing new, non-invasive 

techniques f o r  l oca l i za t i on .  The magnetoencephalogram presen t ly  provides 

one of t h e  most promising approaches t o  non-invasive l o c a l i z a t i o n  of 

e p i l e p t i c  foc i .  

OVERVIEW OF MEG STUDIES I N  EPILEPSY 

Cohen (1972) provided the  f i r s t  r e p o r t  of e p i l e p t i c  a c t i v i t y  recorded 



by the  MEG. He descr ibed d e l t a  a c t i v i t y  ( a t  1-2 Hz) i n  t he  MEG of a  

p a t i e n t  w i t h  PCE during hypervent i la t ion.  Hughes (1977) subsequently 

s tud i ed  s e v e r a l  p a t i e n t s  with d i f f e r e n t  neuro logica l  abnormal i t i es  

inc lud ing  some with p e t i t  ma1 absence, and i t s  concomittant 3 per second 

sp ike  and wave EEG pa t te rn ,  His r e p o r t  w a s  p a r t i c u l a r l y  i n t e r e s t i n g  i n  

t h a t  although EEG sp ikes  and harmonics of them were wel l  represented i n  

t h e  magnetic f i e l d s ,  the slow wave was f requent ly  undetected by the  MEG. 

Although Hughes speculated t h a t  d i f f e r e n t  genera tors  were respons ib le  f o r .  

t h e  two major components ( sp ikes  and waves) of t h i s  c l a s s i c  EEG discharge,  

he made no at tempt  t o  l o c a l i z e  the  i n t r a c r a n i a l  generators  of the  spikes.  

Single  channel systems preclude the  simultaneous study of widespread 

a c t i v i t y .  As a  r e s u l t ,  f o c a l  e p i l e p s i e s  a r e  more acces s ib l e  t o  study with 

t h e  MEG than a r e  the  general ized ep i l eps i e s .  Findings i n  36 p a t i e n t s  with 

var ious  b r a i n  dysfunct ions,  inc lud ing  f o c a l  ep i lepsy  (Modena, Rricci, 

Barbanera, Leoni, Komani & C a r e l l i ,  1982), ind ica ted  t he  usefu lness  of MEG 

i n  t h e  p a r t i a l  ep i l eps i e s .  This  was the  f i r s t  published at tempt  t o  

i n v e s t i g a t e  t he  r e l a t i o n s h i p  between i n t e r i c t a l  sp ik ing  i n  the  EEG of 

f o c a l  e p i l e p t i c s  and changes i n  the  MEG. Computerized tomography (CT) f o r  

v e r i f i c a t i o n  of l o c a l i z a t i o n  was be l ieved  t o  support the  PEG l o c a l i z a t i o n  

of source. The conclusions ind ica ted  t h a t  t h e  l a r g e s t  correspondance 

between MEG and EEG sp ikes  occured i n  t he  condi t ion  of a  s u p e r f i c i a l  

e p i l e p t i c  focus on the  l a t e r a l  sur face  of t h e  co r t ex  a s  confirmed by CT 

scan. These au thors  d id  no t  use the  techniques of spike averaging o r  

mapping repor ted  i n  a  study by Barth,  Su ther l ing  and Beatty (1982). 

Averaging of the  i n t e r i c t a l  sp ikes  provides improvement i n  

s i g n a l - t o n o i s e  r a t i o  and r e l i a b i l i t y  (P ic ton  & Kink, 1973), both of which 

improve with t he  number of sp ikes  i n  t h e  average. Averging i s  

accomplished by using the  EEG sp ike  a s  a  t r i g g e r  f o r  en t e r ing  t h a t  por t ion  



of EEG and MEG da t a  i n t o  the  average a s  a t r i a l .  

Mapping techniques f o r  v i s u a l i z a t i o n  of the  f i e l d s  have proven t o  be 

an exce l l en t  method t o  reduce da t a  and study the  s p a t i a l  and temporal 

dynamics of the  MEG. Perhaps more s i g n i f i c a n t l y ,  maps can be he lp fu l  i n  

three-dimensional l o c a l i z a t i o n  of t he  puta t ive  d ipole  generators.  

The Barth e t  a l . ,  (1982) s tudy which u t i l i z e d  averaging and mapping 

reported r e s u l t s  from two pa t i en t s ,  one with r i g h t  f o c a l  temporal 

i n t e r i c t a l  spiking and an homologous c o n t r a l a t e r a l  focus i n  the l e f t  

a n t e r i o r  temporal region,  and the  second with a u n i l a t e r a l  a n t e r i o r  

temporal i n t e r i c t a l  sp ike  discharge. For the  pos i t ion ing  of the  SQUID 

(Superconducting Quantum In t e r f e rence  Device) t hese  authors .designed a 

rec tangular  g r i d  of recording pos i t i ons  (28 poin ts  2cm a p a r t )  centred 

around the  e l e c t r i c a l  focus. I n  t he  case  of t he  f i r s t  p a t i e n t  it was 

demonstrated t h a t  t he re  were two d ipole  genera tors ,  one i n  each 

hemisphere, the  l e f t  being dependent upon the  r i g h t  and occurr ing a t  a 

somewhat delayed latency bel ieved t o  be due t o  t r a n s c a l l o s a l  discharge 

from the  r i g h t  hemisphere. Two maxima i n  each hemisphere were 

demonstrated which permitted the f i t  of simple d ipoles ,  one i n  each 

hemisphere. In  the  second p a t i e n t  with u n i l a t e r a l  spiking,  a s i n g l e  

d ipo le  source was detected,  although apparent ly t he re  was no recording of 

MEG over the  hemisphere c o n t r a l a t e r a l  t o  t h e  spike. With the  assumption 

t h a t  the  i n t e r i c t a l  sp ikes  could be m d e l l e d  a s  a cu r r en t  d ipole ,  t he  

isocontour  maps were used t o  make es t imat ions  of depth, l oca t ion  and 

o r i e n t a t i o n  of the  source. 

Cohen's o r i g i n a l  r epo r t  i n  1972 suggested t h a t  the  MEG might conta in  

information not  present  i n  the  EEG. .This was confirmed i n  1983 by Ricci  

who reported the  f ind ing  of MEG spike a c t i v i t y  which was not  



simultaneously recorded a s  e l e c t r i c a l  sp ikes  with sur face  EEG e lec t rodes .  

This r epo r t  a l s o  found t h a t  EEG sharp waves would a t  times be resolved 

i n t o  poly sp ikes  i n  the  MEG, thus lead ing  the  au thors  t o  conclude t h a t  MEG 

has a higher  temporal r e s o l u t i o n  than EEG. This f i nd ing  has ye t  t o  be 

dupl ica ted  by o the r  researchers .  I n  a l a t e r  experiment (Ricc i ,  Buonomo, 

Romani, S a l u s t r i  & Modena, 1985b) by the  same p r i n c i p a l  au thor ,  s i m i l a r  

f ind ings  were reported. A t o t a l  of 60 p a t i e n t s  were i nves t i ga t ed  i n  the  

1983 s tudy,  58 of whom had been s tud i ed  i n  s u f f i c i e n t  d e t a i i  t o  warrant 

repor t .  A l l  58 su f f e r ed  from epi lepsy ,  some general ized,  and some 

secondary t o  tumor. Thirty-two were known t o  have PCE and, i n  14 of those 

ca se s ,  computerized tornograms (CT) showed abnormali t ies .  Methodological 

l i m i t a t i o n s  prevented these  au thors  from pin-pointing the  two a reas  of 

maximal MEG a c t i v i t y  of oppos i te  p o l a r i t y  ( f i e l d s  coming ou t  of the  head 

and f i e l d s  going i n t o  t h e  head) which would s a t i s f y  a simple cu r r en t  

d ipo l e  model. By counting t h e  number of sp ikes  a t  each recording 

pos i t i on ,  t he  au thors  designated a r e a s  of maximal a c t i v i t y  which were 

observed t o  fade gradua l ly ,  o r  sometimes ab rup t ly ,  a s  the  de t ec to r  was 

moved away from the  area. There a r e  s e v e r a l  poss ib le  reasons f o r  t h e i r  

f ind ings :  F i r s t l y ,  counting the  number of sp ikes  a t  a given recording 

l o c a t i o n  provides no information about amplitude o r  po l a r i t y .  Secondly, 

t h e  recording loca t ions  appear t o  have been l imi t ed  t o  a r ea s  of the  sca lp ,  

above the  sub jec t ' s  e a r s  and eyebrows. P i l o t  d a t a  f o r  t h i s  study and 

o t h e r  r e p o r t s  (Barth e t  a l ,  1982) c l e a r l y  demonstrates t he  neces s i t y  of 

record ing  over t h e  cheek a r e a  of t he  f ace ,  and below the  occ iput  i n  some 

subjec ts .  Thus, while p o l a r i t y  r e v e r s a l s  were no t  repor ted ,  two maxima 

may have been observed had the  recording sites been over an extended a r ea  

(.if one assumes t h a t  t he  number of sp ikes  v a r i e s  with d i s t ance  from the  

source).  Whether t h i s  would be t he  case  i s  unc lear ,  a s  i t  would seem more 

reasonable  t o  expect d i f f e r ences  i n  amplitude and p o l a r i t y  of t he  sp ikes ,  

r a t h e r  than i n  t h e  number of sp ikes ,  as t h e  gradiometer i s  moved t o  



d i f f e r e n t  pos i t i ons  over t h e  head. F a i l u r e  t o  d e t e c t  a  second maximum 

rendered it impossible f o r  t he se  researchers  t o  approximate source depth 

from the  MEG. I n  t he  14 c a s e s  with abnormal CT scans,  t he  a r e a s  of 

maximal a c t i v i t y  and s t r u c t u r a l  abnormality were s i m i l a r  (Ricc i ,  1983). 

Two r e p o r t s  published i n  1984 (Barth,  Su ther l ing  & Beatty ,  1984; 

Barth,  1984) added s i g n i f i c a n t  information t o  t he  MEG-epilepsy l i t e r a t u r e .  

The f i r s t  r e p o r t  (Barth e t  a l . ,  1984) i nves t i ga t ed  mu l t i p l e  source 

genera tors  of ep i l ep t i fo rm a c t i v i t y .  Eight  ou t  of 17 p a t i e n t s  with f o c a l  

ep i l epsy  showed spatio-temporal discharge p a t t e r n s  i n  t he  MEG which 

appeared t o  be generated by m r e  than a  s i n g l e  source ( p a r t i c u l a r l y  

ev ident  i n  two cases).  I n  t he se  p a t i e n t s  i t  was poss ib le  t o  i d e n t i f y  two 

sources  of MEG a c t i v i t y  wi th in  t he  same hemisphere which d i f f e r e d  i n  

l o c a t i o n  and o r i en t a t i on .  I d e n t i f i c a t i o n  of t he  two d i f f e r e n t  sources  

could be  made not  only on the  b a s i s  of MEG sp ike .onse t  d i f f e r ences  bu t  

a l s o  on the  b a s i s  of d i f f e r i n g  sp ike  morphology. For both cases  i t  was 

pos s ib l e  t o  f i t  t he  da t a  t o  two d ipo le s  which d i f f e r e d  i n  o r i e n t a t i o n  and 

l o c a t i o n  and showed a discharge sequence, one fol lowing the  other .  I n  a 

conference r epo r t  of t he  same d a t a  (Suther l ing ,  Barth & Beatty,  1985) t he  

importance of d i s t i ngu i sh ing  i n t e r i c t a l  propagation p a t t e r n s  (prefe r red  

p a t t e r n s  of d i scharge)  a s  a  means t o  i d e n t i f y  t he  primary focus was 

discussed. It has a l ready  been demonstrated i n  e l ec t rophys io log ica l  

s t u d i e s  t h a t  i n t e r i c t a l  propagation p a t t e r n s  e x i s t  (Buser e t  a l . ,  1983, 

from Su the r l i ng  e t  a l . ,  1985), and it w a s  argued t h a t  the  most important 

component i n  t h e  p a t t e r n  f o r  t reatment  and l o c a l i z a t i o n  purposes is  the  

primary discharge source (Suther l ing  e t  a l . ,  1985). 

I n  h i s  second r epo r t  Barth (1984b) s t u d i e d  an animal m d e l  of 

epi lepsy.  Previously,  t he  recording of MEG was bel ieved to  be untenable 

i n  small animals,  such a s  r a t s ,  because of t h e  r e l a t i v e l y  l a rge  c o i l  



diameter and r e l a t i v e l y  small brain.  Eiarth argued t h a t  t he  problem could 

be circumvented i f  proper a t t e n t i o n  were given t o  the diameter and 

sepa ra t ion  of the  gradiometer co i l s .  Metrazol s e i zu re  induct ion  i n  humans 

i s  une th i ca l  when the  inves t iga to r s  a r e  l imi t ed  t o  s i n g l e  channel MEG da t a  

co l l ec t ion .  The use of animals permits  the  inves t iga t ion  of i c t a l  events. 

I n  Barth's experiment, s e i zu re s  were produced i n  four  r a t s  by i n j e c t i o n  of 

p e n i c i l l i n  i n t o  the  c e r e b r a l  cor tex ,  2mm l a t e r a l  t o  the midline on the  

l e f t  s ide ,  which produced s te reo typed  f o c a l  e p i l e p t i c  spiking i n  the  

e lec t rocor t icogram (ECoG) and se izures .  The most apparent response i n  t he  

MEG t o  these  induced f o c a l  s e i zu re s  i n  a l l  4 animals was a steady magnetic 

f i e l d  s h i f t  from pre-seizure basel ine.  This s h i f t  dropped abrupt ly back 

t o  base l ine  a t  the  end of the seizure.  The time course and the  amplitude 

of t he  MEG s h i f t  var ied  between animals,  bu t  was s t a b l e  within animals. 

The magnetic f i e l d s  observed were c o n s i s t e n t  across  animals, i nd i ca t ing  

magnetic f l u x  emerging from the  r i g h t  s i d e  of the  b r a i n  and reenter ing  on 

t h e  l e f t .  Spiking during se i zu re  was a l s o  recorded by the  MEG, which was 

of lower amplitude than the slow a c t i v i t y .  The slow s h i f t s  recorded with 

the  MEG i n  t h i s  study were s i m i i a r  t o  a.c. e l e c t r i c a l  s h i f t s  reported by 

by o the r  authors  using penici l l in- induced se i zu re  a c t i v i t y  (Caspers & 

Speckman, c i t e d  i n  Barth,  1984). Although d. c. s h i f t s  a r e  bel ieved t o  be 

a phys io logica l  c h a r a c t e r i s t i c  of s e i zu re s ,  they have no t  been s tudied  

ex tens ive ly  i n  t h e  EEG because of t echn ica l  d i f f i c u l t i e s  a r i s i n g  from 

po la r i za t ion  vol tages  a t  the electrode-scalp junction (Cohen, 1972). 

Barth proposed th ree  advantages a r i s i n g  from animal model MEG 

inves t iga t ions :  1. the re  i s  no con tac t  between the  recording device and 

the  b ra in ,  thus no problem with polar iza t ion .  2. SQUID magnetometers have 

a wide frequency response (0 t o  IOKHz). 3. i n  t h i s  kind of experiment the  

a c t i v i t y  produced i s  s tereotyped,  not showing the  v a r i a b i l i t y  seen i n  most 

human s tudies .  



Several  conference presenta t ions  have included da t a  c o l l e c t e d  f o r  the  

inves t iga t ion  of the  MEG i n  epilepsy. While a few have added t o  t he  

understanding of e p i l e p t i c  phenomena a s  recorded by the MEG, o the r s  have 

suggested d i f f e r e n t  techniques f o r  use i n  da t a  co l lec t ion .  What fol lows 

i s  a b r i e f  summary of the  ma te r i a l  presented by those authors.  

One research group discussed f indings i n  s tud ie s  of comparisons of 

MEG, EEG and e lec t rocor t icography (ECoG) (Sato, Sheridan, Smith, Bonner & 

Weinstock, 1985). This type of research  i s  fundamental t o  the  claims t h a t  

t h e  MEG may provide information equiva len t  t o  t h a t  provided by depth 

e l e c t r i c a l  recordings. Unfortunately,  MEG a c t i v i t y  was not  mapped and 

t h e r e  was no at tempt  t o  l o c a l i z e  o the r  than by comparison t o  the  EEG. 

However, the  a b i l i t y  of the  PEG t o  de t ec t  EEG spikes  which could be 

recorded from the  co r t ex  bu t  not  the  sca lp  was inves t iga ted .  I n  one of 

t h e  sub jec t s ,  i t  was found t h a t  n e i t h e r  t he  MEG nor t he  EEG detec ted  

sp ikes  from a c o r t i c a l l y  (ECoG) recordable focus. The c o r t i c a l  recording 

demonstrated b i l a t e r a l  spiking pr imari ly  loca ted  a t  the  r i g h t  f r o n t a l  t i p  

of t he  temporal lobe. Although n e i t h e r  the  MEG nor EEG was recorded 

simultaneously, independent records had shown t h a t  both techniques 

demonstrated high vol tage saw-toothed d e l t a  a c t i v i t y .  This a c t i v i t y  

occurred a t  about the  same frequency a s  the  c o r t i c a l  sp ikes ,  bu t  t he  

sp ik ing  seen on the ECoG was not  recorded. The d e l t a  a c t i v i t y  s h i f t e d  i n  

and ou t  of phase with the  EEG and, when ou t  of phase, t he  MEG lagged 

behind the  EEG. The MEG and EEG recordings suggested a non-cort ical  

discharge. However, the  ECoG d e f i n i t e l y  suggested c o r t i c a l  discharge on 

the  b a s i s  of amplitude and frequency. Sato e t  a l .  pointed ou t  t h a t  t h i s  

f i nd ing  d id  not  support Ricci ' s  (1983) conclusions t h a t  the  MEG d e t e c t s  

s u p e r f i c i a l  sp ikes ,  and t h a t  slow waves i n  t he  EEG correspond t o  sp ikes  i n  

t h e  MEG. It was speculated t h a t  the  MEG might not  have observed the  

sp ikes  due t o  rad ia1 .o- r ien ta t ion  of t he  dipole.  However, a s  the authors  



pointed ou t ,  t h i s  does not expla in  why the  EEG did  not  de t ec t  t he  spikes.  

It i s  unclear  exac t ly  how many recording s i t e s  were used f o r  the  MEG. 

Possibly t h e  sp ike  was not  v i s i b l e  because of t he  a r e a s  sampled over t he  

head. I n  t he  second p a t i e n t ,  EEG, ECoG and MEG sp ikes  showed s i n i l a r  

morphology. The f ind ings  l ed  t he  author  t o  specula te  t h a t  abnormal source 

c u r r e n t  may be a f f e c t e d  by o the r  surrounding c u r r e n t s  which may d i s t o r t  

t h e  MEG (Sa to  e t  a l ,  1985). 

A second conference r epo r t  (Sato,  Rose & Por te r ,  1985) examined the  

mer i t s  of mapping s i n g l e  sp ikes  of s i m i l a r  morphology, a s  opposed t o  

mapping from an average of spikes.  The au thors  argued t h a t  i n  many cases  

sp ike  morphology, r e f l e c t e d  i n  amplitude, dura t ion  and maximal 

d i s t r i b u t i o n ,  may vary wi th in  p a t i e n t s  and within a  focus,  and t h a t  t h i s  

v a r i a b i l i t y  may con ta in  information t h a t  i s  l o s t  i n  t he  averaging 

procedure. In  an explora tory  s tudy,  t he  i n v e s t i g a t o r s  s e l ec t ed  

r ep re sen t a t i ve  sp ikes  from each MEG p o s i t i o n  and were a b l e  t o  map two 

extrema of oppos i te  p o l a r i t y  which f i t  t h e  simple d ipo le  model. I n  t he  

f u t u r e  t h e  au thors  plan t o  compare t h i s  technique with t h a t  of t h e  

averaging procedure. Further  comparison with multichannel systems may 

permit t h e  d i sc r imina t ion  of s h i f t s  o r  spread i n  t he  d ipo le  over t i m e .  

Others have a l ready  c a r r i e d  o u t  s i n g l e  sp ike  mapping (Suther l ing  e t  a l . ,  

1985). They found t h a t ,  whereas i n  some cases  mapping of s e l ec t ed  s i n g l e  

sp ikes  can r e s u l t  i n  o rde r ly  f i e l d  maps, i t  f a i l s  t o  do so i n  o the r  cases.  

These l a t t e r  cases ,  however, do show o r d e r l i n e s s  once the  usua l  averaging 

procedure is used (Suther l ing  e t  al. , 1985). 

Most, i f  not  a l l ,  authors  r e l y  on the  s impl i fy ing  assumption of an 

equiva len t  d ipo le  source. This type of source is  represented i n  a t y p i c a l  

manner by isocontour  maps. Suther l ing ,  b r t h  and Beatty (1985) descr ibed 

examples of i s o f i e l d  l i n e  d i s t o r t i o n  from t h a t  expected i n  t he  case  of an 



underlying equivalent  dipole.  Two types of d i s t o r t i o n  were apparent: I .  

i n  t he  s i n g l e  source case,  t he re  were ins tances  i n  which the  lower pa r t  of 

t he  map (ve r t ex  a t  the  top)  looked l e s s  d ipolar  than the  upper p a r t  of the 

map and, 2. d i s t o r t i o n s  i n  the  maps of mul t ip le  sources appeared i n  more 

c e n t r a l  p a r t s  of t he  map. 

I n  the  case of the  f i r s t  type of d i s t o r t i o n ,  i t  was speculated t h a t  

the  recording may have been contaminated with a r t e f a c t  a r i s i n g  form 

non-radial measurement over t he  ea r ,  mastoid process and jaw, below the  

b r a i n  and d i s t a n t  from it. Al te rna t ive ly ,  the  a c t i v i t y  may have been 

non-ar tefactual  and t h e r d o r e  i n d i c a t e  more complex sources f o r  which the  

equivalent  d ipole  model i s  inappropriate .  In  the l a t e r  case,  i t  was 

repor ted  t h a t  the  d i s t o r t i o n s  appeared i n  a r eas  which show subsequent 

maxima, o r  i n  o ther  cases  previous ~paxima mimicking the  pers i s tence  of 

f i e l d s .  It was f u r t h e r  hypothesized t h a t  the da ta  were due t o  a s i n g l e  

extended, simultaneously ac t ive ,  d ipo la r  shee t  i n  which the o r i e n t a t i o n  of 

t h e  e l e c t r i c a l  c u r r e n t s  was changing, thus giving the  impression of 

mul t ip le  sources. The au thors  concluded t h a t  the  d i f f e r e n t  

i n t e r p r e t a t i o n s  could eventual ly  be t e s t e d  by i n r r a c r a n i a l  e l e c t r i c a l  

techniques. 

When the  da t a  a r e  not s u i t a b l e  f o r  averaging, f o r  example, when the  

i n t e r i c t a l  sp ikes  a r e  not  of high enough vol tage  t o  be used as t r i g g e r s ,  a 

procedure known as r e l a t i v e  covariance (R.C.) can be used (Chapman, 

Ilmoniemi, Barbanerra & Romani, 1984). In  t h i s  procedure one EEG channel 

i s  used a s  a re ference  f o r  each recorded MEG posi t ion.  The covariance 

between the  MEG f o r  each pos i t i on  and the re ference  EEG channel i s  

ca l cu la t ed ,  which i s  then divided by the  variance of the  reference EEG. 

The d iv i s ion  by the  e l e c t r i c a l  var iance compensates f o r  v a r i a t i o n s  i n  the  

s t r e n g t h  of t he  source (Chapman e t  a l .  , 1984). Ricci  e t  a l .  ( l985b),  



confirmed the  ,usefulness  of the  r e l a t i v e  covariance technique i n  the 

inves t iga t ion  of epilepsy. They demonstrated s u b s t a n t i a l  agreement 

between R.C. and averaging techniques when used f o r  l o c a l i z a t i o n  purposes. 

The l i m i t a t i o n  of a s ing le  channel f o r  MEG recording has long been 

recognized. Single  channel systems n e c e s s i t a t e  s equen t i a l  recordings from 

d i f f e r e n t  s i t e s ,  thereby demanding the  assumption t h a t  t he  underlying 

source remains constant.  The most recent  r epo r t  i n  the  l i t e r a t u r e  on 

neuromagnetometry i n  ep i lepsy  comes from the  Rome group (Ricci ,  Buonomo, 

Romani, S u l u s t r i  & Modena, 1985), i n  which they b r i e f l y  reported t h e i r  

f i r s t  r e s u l t s  using a four  channel recording system. Loca l iza t ion  did not  

always agree with t h a t  der ived from the  EEG, and the MEG suggested poly 

f o c a l  a c t i v i t y  unsuspected on the  b a s i s  of the  EEG alone,  a f ind ing  which 

has been repor ted  previously (Ricc i ,  1983). 

SUMMARY OF MEG AND EPILEPSY %PORTS 

The l i t e r a t u r e  descr ibed has included seve ra l  s t u d i e s  which appear t o  

i n d i c a t e  t h a t  MEG shows s i g n i f i c a n t  promise f o r  accura te  l o c a l i z a t i o n  of 

d ipo le  sources i n  epilepsy. However, t he  a c t u a l  number of reported and 

confirmed l o c a l i z a t i o n s  has been l imited.  The t o t a l  number i s  fourteen,  

e i g h t  of which were contained i n  an extremely b r i e f  r epo r t  (Ricci ,  1985b) 

f o r  which the  l o c a l i z a t i o n  was q u i t e  general ,  f o r  example " r igh t  

mid-temporal area". This leaves  a t o t a l  of s i x  p a t i e n t s  f o r  whom 

es t imat ion  has been p rec i se  and v e r i f i e d  by medical imaging techniques. 

Overa l l ,  the technique r equ i r e s  the  c o l l e c t i o n ,  a n a l y s i s  and repor t  

of da t a  from many more pa t ien ts .  MEG i s  a lengthy procedure, and CPE: i s  

not  an homogeneous d isorder ,  thus,  i t  could be a number bf years u n t i l  the  



exact con t r ibu t ion  of t h e  technique t o  epi leptology i s  known. Fur ther ,  i t  

i s  important t o  continue t o  compare d ipole  l oca t ion  es t imates  with 

converging evidence from o the r  techniques, such a s  MRI ,  CT and ECoG, a t  

least u n t i l  PEG has been proven accu ra t e  enough f o r  use i n  p a t i e n t s  with 

mrmal MRI's and CT's. 

C 

Several o the r  i n t e r e s t i n g  f ind ings  have been repor ted  i n  t he  

l i t e r a t u r e  descr ibed inc luding  propagation pa t t e rns  and the  d i s t o r t i o n  of 

b o - f i e l d  l i n e s  discussed by Suther l ing  e t  a l .  (1985), d.c. s h i f t s  during 

seizures  reported by Barth e t  a l .  (1984b), the  temporal r e so lu t ion  

differences between MEG and scalp-EEG described by Ricci  (1983) and t h e  

s ingle  spike mapping (Sato e t  a l . ,  1985a). A l l  po in t  t o  the need f o r  an 

extension of the analyses  and da t a  c o l l e c t i o n  c u r r e n t l y  i n  use. 

The present  study was undertaken t o  use the  MEG t o  accura te ly  l o c a l i z e  

the sources of i n t e r i c t a l  discharges i n  e p i l e p t i c  pa t i en t s ,  The s t r u c t u r a l  

abnormali t ies  de tec ted  by the  MRI were used t o  v e r i f y  t h e  r e s u l t s .  MRI 

was chosen because of i t s  high reso lu t ion .  It must be noted t h a t  i n  t h i s  

s tudy,  a s  i n  o ther  sudies ,  t he  l o c a l i z a t i o n  i s  of t he  i n t e r i c t a l  a c t i v i t y  

which may not  a r i s e  from the  same a rea  a s  i c t a l  discharges,  however, one 

of the  i s sues  i n  t h i s - s t u d y  was the  usefu lness  of l o c a l i z i n g  i n t e r i c r a l  

a c t i v i t y .  



ME THOD 

Subjects  

Two sub jec t s  with complex p a r t i a l  ep i lepsy  completed t he  study. The 

f i r s t  was a 21 year o l d  female (DOH) wi th  p a r t i a l  complex epi lepsy.  The 

onse t  of s e i zu re s  was a t  7 years  of age fol lowing mumps encepha l i t i s .  

Seizures  were poorly con t ro l l ed  with medication which was t e g r e t o l  and 

va lp ro i c  acid.  Previous scalp-EEG showed an i n t e r i c t a l  sp ike  focus i n  t h e  

reg ion  of t he  r i g h t  mid-temporal a r e a ,  and a second focus i n  t he  l e f t  

mid-temporal a r e a  which appeared t o  be dependent upon the  r ight-s ided 

focus.  

The second sub jec t  (RZ) was a 28 year o l d  male with s e i z u r e  onse t  a t  

age 16  years. A t  t he  time of t h e  study t h e  repor ted  s e i zu re s  were of two 

types: Generalized ton ic -c lon ic  s e i zu re s  which were con t ro l l ed  with 

medication, and p a r t i a l  complex se i zu re s  which had been under poor c o n t r o l  

f o r  the  previous t e n  months. Medications were va lp ro i c  a c i d  and d i l a n t i n .  

Previous scalp-recorded EEG had shown a " foca l  i r r i t a t i v e  dis turbance" 

( sp ike  d i scharge)  i n  t he  r i g h t  a n t e r i o r  temporal region. 

Data Co l l ec t i on  

Computer m d e l s  of t he  head were produced by d i g i t i z i n g  po in t s  over 

t h e  s ca lp  and f ace  with a mechanical d i g i t i z i n g  arm which can be  mounted 

on the  s i d e  of t he  dewar. An o r i g i n  wi th in  t he  head was est imated by the  

program f o r  each sub jec t  from po in t s  d i g i t i z e d  a t  t he  nasion,  i n ion  and 

pre-auricular  points .  A computerized gantry system (Vrba e t  a l . ,  1982) 

used t h e  .models t o  d i r e c t  t h e  gradiometer t o  pre-selected recording 

pos i t i ons  and s to red  information regarding t h e  f i n a l  recording angles  of 



t he  system f o r ,  use i n  l a t e r  analyses  of t he  data. 

I n t e r i c t a l  EEG and MEG were recorded simultaneously and monitored on 

a Mingograph polygraph. Gold EEG e l ec t rodes ,  placed i n  accordance with 

the  I n t e r n a t i o n a l  10-20 placement system (Jasper ,  1958), and a d d i t i o n a l  

surf  ace sphenoidal leads  (Sph) , formed the  following montages f o r  t he  

sub jec t s :  For subjec t  DOH, Fp2-Right Sph, F8-T4, T4-T6, T6-01, Fpl-F7, 

F7-T3, T3-T5. For subjec t  RZ, F4-F8, F8-Right Sph, Right Sph-Lef t Sph, 

Fp2-F8, F8-T4. The sur face  sphenoidal e l ec t rodes  were placed below t h e  

sphenoid bone, over the zygomatic arch. Each p a t i e n t  l ay  on a ma t t r e s s  on 

a wooden bed, i n  pos i t i ons  s u i t a b l e  f o r  recording over var ious  p a r t s  of 

t h e  head. The s t a t e  of the  sub jec t s  var ied  from relaxed a l e r t n e s s  t o  

l i g h t  sleep. The d i g i t i z i n g  arm was used t o  l o c a t e  t h ree  landmarks on the  

p a t i e n t ' s  head: nasion,  i n ion  and r i g h t  o r  l e f t  p reau r i cu l a r  po in t ,  which 

loca ted  the  pos i t i on  of the  p a t i e n t ' s  head i n  space f o r  use by the  

computerized gantry. The gradiometer was sequen t i a l l y  moved by the  gantry 

t o  a number of d i f f e r e n t  l oca t ions  (75 f o r  DOH, 44 f o r  RZ),  1.2 

cent imeters  away from the  head. Manual co r r ec t ions  were made f o r  d i s t ance  

of the  dewar t o  the  head and f o r  keeping t h e  dewar normal t o  the  skul l .  

The MEG recording pos i t ions  used i n  the  da t a  analyses  a r e  shown i n  Figure 

1 f o r  DOH and 2 f o r  RZ. Figure 3 shows the  10-20 pos i t i ons  with an  i n s e t  

r ad ius  equal  t o  t h a t  of the  MEG recording pos i t i on  diagrams t o  show t h e  

r e l a t i v e  head pos i t ions  a t  which the  recordings were made. A 

superconducting quantum in t e r f e rence  device with a 3rd order  asymmetrical 

conf igura t ion  (Vrba e t  a l . ,  1982) was used t o  record the  MEG. One channel 

of MEG and th ree  channels of EEG were continuously co l l ec t ed  i n  8 second 

i n t e r v a l s  (256 poin ts  per second), d i g i t i z e d ,  and s to red  on l i n e  with a 

PDP 11/34 f o r  subsequent analysis .  Log f i l e s  were made which contained 

information about the recording pos i t i on  of the  dewar with respec t  t o  t h e  

head model. F i l t e r s  s e t t i n g s  of .5-30Hz were used f o r  the  EEG. For t he  



MEG d i g i t a l  f i l t e r s  were set a t  .5-64Hz; a  60Hz notch f i l t e r  was a l s o  

used. 

Processing 

I n  o f f - l i ne  a n a l y s i s ,  ep i l ep t i fo rm sp ikes  ( a t  F4-F8 f o r  RZ, and 

Fp2-RSph f o r  DOH, f o r  a l l  MEG pos i t i ons ,  and i n  add i t i on  i n  the  case  of 

DOH T3-T5 f o r  l e f t  hemisphere MEG p o s i t i o n s )  were de tec ted  i n  the  

sub jec t ' s  EEG with a  semi-automated peak d e t e c t i o n  computer a lgori thm 

(based on the  computation of t he  maximum second f i n i t e  de r iva t ive  of each 

spike) .  These sp ikes  were used t o  i d e n t i f y  one-second epochs of 

co-occuring MEG, 512ms preceding and fol lowing the  spike. HEG epochs, so 

i d e n t i f i e d ,  were averaged f o r  each of t he  gradiometer pos i t ions .  Only 

averages which includea t h r ee  o r  more sp ikes  were included i n  f u r t h e r  

ana lyses ,  which r e s u l t e d  i n  35 pos i t i ons  f o r  sub j ec t  RZ, and no change i n  

t h e  number f o r  DOH. Because of l a rge  amounts of low frequency noise ,  

b a s e l i n e  co r r ec t i ons  were made on RZ da ta  by sub t r ac t i ng  t h e  mean of t h e  

f i r s t  100 d a t a  po in t s  f o r  each posi t ion.  Isocontour- l ine f i e l d  maps, 

based upon the  averaged P E G  waveforms f o r  each sub jec t ,  were produced 

(Weinberg e t  a l . ,  1985) t o  provide i n i t a l  e s t ima te s  of d ipo l e  locat ion.  

Dipole depth, o r i e n t a t i o n  and s t r e n g t h  was est imated a t  s p e c i f i c  po in t s  i n  

t h e  da t a  (512 and 572ms f o r  DOH, and 536ms f o r  RZ) wi th  a  simplex 

procedure (Harrop e t  a l . ,  1986), and the  s o l u t i o n  compared with s t r u c t u r a l  

abnormal i t i es  de tec ted  by Magnetic Resonance Imaging (MKI) f o r  each 

subject .  For sub jec t  RZ a simultaneous 2-dipole f i t  was computed. Two 

s i n g l e  d ipo le  f i t s  were a l s o  obtained f o r  s e l e c t e d  d a t a  from time poin t  

536ms ( see  Figure 4). 



Fig. 1 MEG recording positions for subject DOH in 

chronological order of collection. 



Fig. 2 MEG recording positions used in the analysis for 
<r . 

subject RZ in chronological order of collection. 



Fig. 3 The 10-20 system of e l ec t rode  placement with 

i n s e t  r ad ius  equal  t o  t h a t  of t he  MEG recording - 
pos i t i on  diagrams. 



Figure 4 Selected data points for  single dipole f i t s  - 
for subject RZ. 

A: Data points within box are those used for 
anterior dipole f i t ,  plus the blacked-in 
point over the 1 e f t  hemi sphere. 

9: Data points within box are those used for  
posterior diplole f i t  plus the blacked-in 
point over the l e f t  hemisphere. 



Fig 4 A. F i g .  4 B. 



RESULTS 

The scalp-EEG of sub jec t  DOH showed both a r i g h t  mid-anterior 

temporal EEG spike discharge a s  w e l l  as a l e f t  hemisphere discharge i n  the  

homologous region. Most f requent ly  t he  ,spikes occurred b i l a t e r a l l y ,  

although a t  times the  r i g h t  s ided  discharge occurred independently of t h e  

l e f t  hemisphere spikes .  Subject  KZ showed r i g h t  a n t e r i o r  temporal EEG 

spiking. These EEG f ind ings  were c o n s i s t e n t  with r e p o r t s  of previously 

obtained h o s p i t a l  EEGs. 

Averaged magnetic sp ikes  f o r  each MEG recording pos i t i on  a r e  shown i n  

Figures  5A ( sub jec t  DOH) and 7A ( sub jec t  RZ), while keys f o r  the  p l o t s  a r e  

shown i n  Figures  5 B  and 7B. A p o l a r i t y  r e v e r s a l  can be seen f o r  each 

sub jec t  although t h i s  r e v e r s a l  i s  c l e a r e r  f o r  DOH than f o r  RZ. For DOH 

and RZ r e spec t ive ly ,  t he  peak p o l a r i t i e s  occur a t  a r ea s  a1 and b l  

represen t ing  f i e l d s  emerging from the  head, and a2 and b2 r ep re sen t ing  

f i e l d s  r een t e r ing  the  head. These peak p o l a r i t y  r eve r sa l s  a r e  accordant  

wi th  expected r e s u l t s  i n  t he  case  of a c t i v i t y  which can be modelled a s  a 

c u r r e n t  d ipo le  t a n g e n t i a l  t o  t he  sur face  of the  head (Williamson Kaufman, 

1981). The grand average EEG p l o t s  demonstrate t he  r e l a t i o n s h i p  between 

t h e  MEG and EEG. For DOH, de sp i t e  t he  a c t i v e  EEG sp ike  over the  l e f t  

hemisphere, averages t r i gge red  e i t h e r  from the  r i g h t  o r  l e f t  hemisphere 

EEG sp ikes  d id  no t  r e s u l t  i n  c l e a r l y  a s soc i a t ed  MEG a c t i v i t y .  

Enlargements of cwo waveforms from the  r i g h t  hemisphere, one near t he  

maxima, t he  o the r  near the  minima, a r e  shown i n  Figure 6 ,  t o  demonstrate 

more c l e a r l y  t he  r e l a t i o n s h i p  between them. 

The ' p lo t s  f o r  RZ show two areas  where t he  f i e l d s  leave the  head. The 



f i r s t  component of the sp ike  complex ( t h e  MEG a c t i v i t y  assoc ia ted  with the 

negat ive peak of the  EEG spike)  i s  absent i n  a l l  bu t  a few of t he  average 

waveforms, which gives the  appearance of a phase l a g  i n  the MEG. 

Figures  8 and 9 show contour maps, der ived from the  averaged da ta ,  

from 400 t o  796msec f o r  DOH (Fig. 8 )  and f o r  RZ (Fig. 9) respec t ive ly .  

For subjec t  DOH there  i s  a c l e a r  d ipolar  f i e l d  conf igura t ion  over the  

r i g h t  mid-temporal region which peaks a t  512ms (DOH.129), a t  the  apex of 

t h e  EEG spike. The d ipo la r  f i e l d  decays over the following 20ms and i s  

followed by a gradual  bu i ld-up  of a second d ipo la r  f i e l d  of opposi te  

p o l a r i t y  which peaks a t  572ms (DOH. 144) (a f i e l d  inversion) .  Consis tent  

wi th  the  p lo t t ed  waveforms, i t  becomes apparent t h a t  t he re  i s  more than 

one d ipo la r  f i e l d  conf igura t ion  l a t e  i n  the  epoch a t  536ms (RZ.135). 

These appear t o  share  a maximum. The f i r s t  minimum is  over the  r i g h t  - 
mid-temporal region and i s  followed by a second over the  r i g h t  

anter ior- temporal  region. This  maximum d ipo la r  d i s t r i b u t i o n  does not  

occur u n t i l  536ms and the  f i e l d  invers ion  corresponding t o  the  pos i t i ve  

component of the EEG spike i s  not recorded. A t  the  mid-point of the  epoch 

only f i e l d s  re -en ter ing  the  head a r e  seen i n  the  maps, which a r e  

c o n s i s t e n t  with the p l o t s  which show mid-epoch peaks i n  the  same a rea  of 

t h e  head. 

Table 1 shows the  r e s u l t s  of the  d ipole  l oca t ion  es t imat ion  with 

respec t  t o  t he  d ig i t i ze r - e s t ima ted  o r i g i n ,  f o r  subjec t  DOH. The d ipole  

pos i t i on  a s  est imated by the program can be approximated t o  a r i s e  from the 

r i g h t  hippocampal region,  a t  a s i t e  ad jacent  t o  the  MKI abnormality ( f o r  

da t a  from DOH.129). The MRI was i n t e r p r e t e d  a s  showing s c l e r o s i s  i n  t he  

r i g h t  hippocampus (D. Li., personal  communication, 27th August, 1986). 

Figure 10 shows the  MKI with the d ipo le s  i nd ica t ed  by arrows. 



The same procedure, except with a  two dipole  f i t ,  was appl ied t o  t he  

da t a  from RZ . Table 2 A  shows the  r e s u l t s  of the  simultaneous two d i p o l e .  

f i t  f o r  t he  RZ da t a  a t  536ms. This procedure was attempted twice with 

d i f f e r e n t  s t a r t i n g  poin ts  f o r  the  dipoles.  I n  the  f i r s t  so lu t ion  the  

d ipo le s  were both f i t  t o  the  l e f t  hemisphere. In  the second so lu t ion  one 

of the  d ipoles  was f i t  ou ts ide  the  head. Because the  r e s u l t s  were 

incons i s t en t  with known anatomy, s e l ec t ed  p a r t s  of the  da t a  were used i n  

t h e  l o c a l i z a t i o n  program, s p e c i f i c a l l y ,  da t a  poin ts  which included e i t h e r  

t h e  more a n t e r i o r  d ipo la r  f i e l d ,  o r  more pos t e r io r  d ipo la r  f i e l d  ( see  

Figure 4). Table 2 B  shows s i n g l e  d ipole  so lu t ions  f o r  da ta  s e l ec t ed  

e i t h e r  f o r  the a n t e r i o r  d ipolar  d i s t r i b u t i o n ,  o r  the pos t e r io r  d ipo la r  

d i s t r i b u t i o n .  Figure 11 shows the MRI spin-echo with the  d ipoles  

(est imated from the  se l ec t ed  da t a )  ind ica ted  by arrows. It can be seen 

t h a t  the  program produced a  f i t  ad jacent  t o  t he  MRI abnormality f o r  the  

' a n t e r i o r '  data.  The MRI demonstrated a  vascular  abnormality i n  the  r i g h t  

uncus of t h i s  p a t i e n t  (D. Li. ,  .personal communication 27th August, 1986). 



Fig. 5 A: Plots of averaged magnetic data from each 

recording position for subject DOH. 

Grand average EEG (F4-F8), negative down. 

B: Key for plots; note that for presentation 

purposes the position numbers are not in 

chronological order. 



Fig .  5A 



F i g .  5 B. 



Fig. 6 Enlargements of s e l e c t e d  average magnetic p l o t s  

f o r  DOH from two pos i t i ons ,  one near  t h e  maxima, 

t h e  o the r  near  t h e  m i n i ~ a .  The grand average 

EEG i s  included f o r  comparison. 



~ i g .  7 A: Plots of averaged magnetic data for subject 

RZ. 

Grand average EEG (Fp2-RSph) negative down. 

B: Key for plots; note that for presentation 

purposes the position numbers are not in 

chronological order. 



GRAND AVERAGE EEG EEG CAL 50uV 

F i g .  7 A. ' The upward d i r e c t i o n  i n  t h e  MEG p l o t s  rep resen ts  f i e l d s  

e n t e r i n g  the  head. 





Fig.  8 S e r i e s  of i n t e r p o l a t e d  f i e l d  maps ( s u b j e c t  DOH) 

from 400ms t o  796ms. DOH. lO1  i s  equa l  t o  d a t a  

a t  400rns. T h e r e a f t e r ,  each map r e p r e s e n t s  d a t a  

a t  4ms i n t e r v a l s .  

Each contour  l i n e  i s  e q u a l  t o  49 femto T e s l a  (.049 

p i c o  T e s l a ) .  S o l i d  l i n e s  r e p r e s e n t  f i e l d s  l e a v i n g  

t h e  head,  dashed l i n e s  r e p r e s e n t  f i e l d s  e n t e r i n g  

t h e  head. 











Fig.  9 S e r i e s  of i n t e r p o l a t e d  magnetic f i e l d  maps 

( s u b j e c t  RZ) from 400ms t o  796111s. R Z . l O 1  

i s  equa l  t o  400ms w i t h  each map t h e r e a f t e r  

r e p r e s e n t i n g  t h e  d a t a  a t  4ms i n t e r v a l s .  

Each contour  l i n e  i s  equa l  t o  50 femto Tes la  

( .05 p i c 0  T e s l a ) .  S o l i d  l i n e s  r e p r e s e n t  f i e l d s  

l e a v i n g  t h e  head, dashed l i n e s  r e p r e s e n t  f i e l d s  

e n t e r i n g  t h e  head. 











Table I Results of dipole location estimation for DOH- 

with respect to digitizer estimated origin. 

Table I1 Results of dipole estimation for RZ. The first 

two estimates are simultaneous two-dipole fits. 

The second two estimates are single dipole fits 

to data selected on the basis of its dipolar 

distribution (see Fig. 4). 

The X-axis is in the nasion to inion direction, nasion 

positive. 

The Z-axis is in the vertical direction, vertex positive. 

The Y-axis is in the left to right pre-auricular point 

direction, ieft positive. 

The origin is determined by taking the midpoint between 

the pre-auricular points. 



Single orthogonal dipole solution for data point DOH.129 (512ms) 

Dipole parameters 

Position - Orientation Q (uV*m) 

X Y z X Y z 

.231 -3.790 1.494 .226 -.345 -.911 .5096E-05 

% Variance accounted for=74 

Single orthogonal dipole solution for data point DOH.l44(572rns) - 

Dipole parameters 

Positon Orientation Q (uV*m) 

.X Y z X Y z 

-.059 -2.006 3.154 -.408 -774 .485 .1102E-05 

% Variance accounted for-66 

Table I 



Two dipole solutions for data point RZ.l35(536ms) 

(1) 
Dipole parameters 

Position Orientation Q (uV*m) 

Posterior 

Dipole parameters 

Position Orientation Q (uV*m) 

X Y z X Y z 

% Variance accounted for=70 

( 2 )  Dipole parameters 

Position Orientation Q ( uV*m) 

X Y z X Y z 

% Variance accounted for=68 

Single orthogonal dipole solution for data point RZ.135(536ms) 

Dipole parameters 

Position Orientation Q (uV*m) 

% Variance accounted for=89 

-.313 -2.66 2.172 .837 .401 -.372 .136E-05 

% Variance accounted for=58 

Table I1 48 



Fig . 10 Magnetic Resonance Image wi th  d ipo l e s  i nd i ca  
arrows f o r  s u b j e c t  DOH. 
Top: d ipo l e  e s t ima te  f o r  DOH.129 
Bottom: d ipo le  e s t ima te  f o r  DOH. 144 
See Table I f o r  d e t a i l s .  

t e d  



F i g  11 M R I  w i t h  d i p o l e s  i n d i c a t e d  f o r  s u b j e c t  RZ. 
Top: d i p o l e  f i t  f o r  a n t e r i o r  s e l e c t e d  d a t a .  
Bottom: d i p o l e  f i t  on  p o s t e r i o r  s e l e c t e d  
data .  
See  Tab le  I1 f o r  d e t a i l s ,  and  Fig.4. 



DISCUSSION 

What i s  known about t he  electrophysiology of ep i lepsy  i s  t h a t  i n  some 

cases  t he  focus i s  loca l i zed ,  while i n  o the r s  t he  sources  may be more 

d i s t r i b u t e d .  The r e s u l t s  i n d i c a t e  i n  genera l  t h a t  t h e  sources  responsible  

f o r  t he  d i scharges  a r e  much more l oca l i zed  f o r  DOH than f o r  RZ. 

Sub j ec t  DOH 

MEG f i e l d  p a t t e r n s  recorded over t he  r i g h t  hemisphere of sub j ec t  DOH 

-are  c o n s i s t e n t  with f ind ings  repor ted  i n  previous s t u d i e s  of MEG i n  

p a r t i a l  ep i lepsy  (Barth e t  a l . ,  1982; Barth e t  a l . ,  1984). There is  a  

c l e a r l y  d ipo l a r  f i e l d  over t h i s  hemisphere which shows the  apparent ly  

c h a r a c t e r i s t i c  invers ion  r e l a t e d  t o  t he  p o s i t i v e  peak of the  EEG sp ike  

complex. For che r i g h t  hemisphere, 3-d l o c a t i o n  es t imat ion  shows t h a t  t h e  

MEG can be an extremely u s e f u l  t o o l  f o r  l oca t ing  i n t e r i c t a l  ep i l ep t i fo rm 

a c t i v i t y  i n  t he  brain.  Of p a r t i c u l a r  i n t e r e s t  i n  t h i s  sub j ec t ,  however, 

i s  the  absence of l e f t  hemisphere MEG a c t i v i t y  a s soc i a t ed  with t h e  l e f t  

s ided  EEG discharges.  There i s  one o the r  ca se  of MEG assoc ia ted  with 

b i l a t e r a l  EEG sp ikes  i n  the  l i t e r a t u r e  (Barth e t  a l . ,  1982). I n  t h i s  

case ,  t he  MEG de tec ted  b i l a t e r a l  d ipo l a r  f i e l d s ,  with a  20111s delay between 

them. Est imat ions of source l o c a t i o n  f o r  each hemisphere, using the  

s p h e r i c a l  assumption, showed loca t ions  which were approximately 

b i l a t e r a l l y  symmetrical. This f i nd ing  i s  c o n s i s t e n t  with t he  l i t e r a t u r e  on 

t h e  mir ror  focus ( f o r  a  review see  Mayersdorf Schmidt, 1982), which 

p o s t u l a t e s  t h a t  a  c o r t i c a l  ep i lep togenic  discharge i n  one hemisphere ( t h e  

primary focus)  may k indle  a  s imi l a r  discharge i n  t he  homotopic a r ea  of the  

o t h e r  hemisphere (secondary focus) .  In  the  ca se  of a  s u b c o r t i c a l  primary 

focus  t h e  secondary discharge may occur i n  synap t i ca l l y  r e l a t e d  areas.  



Although i n i t i a l l y  the secondary focus i s  dependent upon the  discharge of 

t h e  primary, i t  i s  theorized t h a t  over time the secondary focus may become 

independent. I n  the  case  of a mirror  focus,  one would expect t o  f i nd  

souces of abnormality i n  both hemispheres. The absence of MEG spike 

a c t i v i t y  over the  l e f t  hemisphere of DOH suggests  one of two 

p o s s i b i l i t i e s :  1. t h a t  t he  EEG discharge is  purely volume conducted 

a c t i v i t y  with no func t iona l  t i s s u e  involvement on t h a t  s ide ,  o r  2 .  t h a t  

t h e r e  i s  indeed func t iona l  involvement, bu t  the  source i s  or ien ted  i n  such 

a d i r e c t i o n  t h a t  the MEG does not  de t ec t  it. This could be the  case  i f  

t h e  d ipole  i s  r ad ia l .  nowever, t he  second p o s s i b i l i t y  r a i s e s  the quest ion 

of why, i n  one hemisphere, i n  t h i s  case  the  r i g h t ,  the  source i s  not  

r a d i a l l y  or ien ted ,  ye t  i n  the  homologous a rea  of the  l e f t  hemisphere i t  

is. There a r e  three  p o s s i b i l e  explanat ions,  the f i r s t  being t h a t  there  

a r e  asymmetries between the  s t r u c t u r e s  of t he  two hemispheres such t h a t  

t h e  t i s s u e s  i n  t he  homologous regions i n  quest ion a r e  o r i en t ed  

d i f f e r e n t l y ;  the  second explanat ion being t h a t  present  t heo r i e s  of mirror 

f o c i  a r e  p a r t i a l l y  i nco r rec t ,  i .e . ,  t he  mirror  focus i s  not  i n  the 

homologous region (M. D. Low, personal  communication, 7 t h  August, 1986). 

Most l i k e l y  f o r  t h i s  subjec t ,  however, i s  a t h i r d  p o s s i b i l i t y ,  t h a t  the  

primary source i s  subcor t i ca l ,  a s  ind ica ted  by the  MEG d ipole  l o c a l i z a t i o n  

and the  MRI, and t h a t  t he  a r ea  i s  synap t i ca l ly  r e l a t e d ,  ye t  not  

neces sa r i l y  homologous. 

Given the  d i f f e r e n t  f ind ings  of Barth e t  a l .  (1982) ,  and the  present 

r e s u l t s ,  t he re  is  c l e a r l y  a need f o r  study of a l a rge  group of p a t i e n t s  

with b i l a t e r a l  discharges.  Should a d d i t i o n a l  cases  of u n i l a t e r a l  MEG 

f ind ings  be reported,  neuromagnetomtry might prove t o  be extremely use fu l  

i n  the d i f f e r e n t i a t i o n  of primary versus secondary e l e c t r i c a l  discharges.  

Subject RZ . . 



For subjec t  RZ the  da t a  a r e  more complex and i n d i c a t e  t h a t  t he re  i s  

no equivalent  d ipole  which i d e n t i f i e s  the  source of the discharge. 

However, t h i s  i n t e r p r e t a t i o n  i s  important i n  two respec ts :  ( a )  i t  suggests  

a more d i s t r i b u t e d  and complex source i n  t h i s  p a t i e n t ,  and (b)  i t  

i l l u s t r a t e s ,  when taken i n  conjunct ion with the  da ta  of DOH, t h a t  cu r r en t  

methods of source es t imat ion  a r e  l imi t ed  when mul t ip le  and d i s t r i b u t e d  

sources a r e  involved. The app l i ca t ion  of the  simplex procedure f o r  the  

l o c a t i o n  of mul t ip le  sources a t  a time point  when the  maps were most 

d ipo la r  r e su l t ed  i n  c l e a r l y  untenable locat ions.  As a r e s u l t ,  s i n g l e  

d ipole  f i t s  were determined separa te ly  f o r  what appeared to  be two sources 

( shar ing  a maximum) from an examination of the  isocontour maps. The 

isocontour  da t a  a t  times following the  EEG spike appeared t o  be more l i k e  

t h a t  expected from a d ipolar  source. There a r e  s eve ra l  hypotheses which 

could expla in  these  data: 1. the sources a r e  not d ipo la r ,  i.e., the  

s p a t i a l  d i s t r i b u t i o n  i s  too g r e a t  t o  be use fu l ly  descr ibed by a s i n g l e  

equiva len t  dipole.  2, t he re  a r e  l oca l i zed  equivalent  d ipoles  whose 

o r i e n t a t i o n s  a r e  r a d i a l  a t  the  peak of the  EEG spike. With cu r r en t  

techniques r a d i a l  d ipoles  cannot be de tec ted  by the MEG. The appearance 

of d ipo la r  f i e l d s  l a t e r  i n  t he  epoch can be explained i f  the  d ipoles  a r e  

non-stationary during the  discharge and r e o r i e n t  t o  a pos i t i on  where the  

MEG can record t h e i r  magnetic f i e l d s .  The lack  of f i e l d  invers ion  so 

apparent i n  the  da t a  from DOH supports  the hypothesis t h a t  the  d ipo la r  

f i e l d s  do not  represent  a simple delay i n  the  de t ec t ion  of the  f i e l d s  

r e l a t e d  t o  t he  negat ive EEG component. Developments i n  the  simplex 

algori thms a r e  i n  progress  which may allow the  i d e n t i f i c a t i o n  of 

non-orthogonal d ipoles ,  i.e., d ipoles  which a r e  not  orthogonal t o  the  

o r i e n t a t i o n  of the sensing c o i l  of the SQUID.  3. t he re  may be seve ra l  

d ipo la r  sources which have been obscured by the  averaging procedure. It 

may be of use t o  u t i l i z e  t he  technique of d i scr imina t ing  EEG spikes  of 

s i m i l a r  morphology f o r  each pos i t ion ,  and t o  e i t h e r  average together  only 



t hose  sp ikes  which a r e  s i m i l a r ,  o r  a t tempt  s ing le  spike mapping as 

descr ibed  by Sato e t  a l .  (1985). 



CONCLUSIONS 

Magnetoencephalography (PEG)  i s  a  non-invasive imaging technique 

which measures the magnetic f i e l d s  assoc ia ted  with e l e c t r i c a l  a c t i v i t y  of 

t he  brain.  Because the magnetic f i e l d s  a r e  not  influenced by the  

r e s i s t i v e  p rope r t i e s  of the  cranium, and because the  P E G  measures 

i n t r a c e l l u l a r  cu r r en t s ,  the  technique may be used t o  l o c a l i z e  the  sources 

of b r a i n  a c t i v i t y  accurately.  

An important app l i ca t ion  of t h e  technology is  i n  t he  study of 

c l i n i c a l  d i sorders  such a s  p a r t i a l  complex epilepsy. Not only does the  

MEG-promise t o  b e n e f i t  p a t i e n t s  with the d isorder ,  bu t  PCE, i n  some 

cases ,  i. e. , those with abnormal s t r u c u r a l  images, o f f e r s  the unique 

opportuni ty t o  v e r i f y  the  r e s u l t s  of l o c a l i z a t i o n  techniques. 

This t h e s i s  has demns t r a t ed  some i n t e r e s t i n g  f ind ings ,  which i n  turn  

have r a i sed  some questions.  Given the  l imi ted  number of reported f ind ings  

i n  t he  MEG-epilepsy l i t e r a t u r e ,  and given the f a c t  t h a t  apparant ly only 

those f ind ings  which f i t  the e x i s t i n g  d ipole  loca t ion  models a r e  being 

repor ted ,  the  exact  usefulness  of t he  procedure f o r  t h i s  homogeneous 

d isorder  remains unknown. The r e s u l t s  of t he  cu r r en t  work have added t o  

t he  knowledge base. For DOH there  i s  the  e n t i r e l y  new f inding  of an 

e l e c t r i c a l  sp ike  with no de t ec t ab le  assoc ia ted  MEG abnormality. For RZ, 

the  a c t i v i t y  recorded was very d i f f e r e n t  from t h a t  contained i n  the 

l i t e r a t u r e .  The f i e l d  d i s t r i b u t i o n  and temporal sequencing a r e  d i f f i c u l t  

t o  expla in  and suggest mul t ip le  and d i s t r i b u t e d  sources which a r e  

d i f f e r e n t  f o r  d i f f e r e n t  time i n t e r v a l s  during the primary discharge 

(spike) .  

Unfortunately the  se i zu re  symptoms f o r  these  p a t i e n t s  have not been 



wel l  documented c l i n i c a l l y  due t .ack of witne s s e s  t o  t he  seizures .  Had 

they been well  documented i t  would have been i n t e r e s t i n g  t o  ' c o r r e l a t e '  

t h e  MEG l o c a l i z a t i o n  with behaviours thought t o  a r i s e  from those a reas  of 

t he  brain.  

Although i t  has been argued t h a t  t he  subjec t  with CPE o f f e r s  an 

opportuni ty t o  use MRI i n  conjunct ion with MEG prcedures t o  v a l i d a t e  the  

MEG f ind ings ,  i t  is  a l s o  recognized t h a t  not  a l l  people with CPE 

demonstrate s t r u c t u r a l  abnormali t ies .  I n  addi t ion ,  sources of i n t e r i c t a l  

sp ikes  may not  neces sa r i l y  be a t  a s i t e  i d e n t i c a l  with t h a t  of t he  

ep i lep togenic  event. In  p a r t ,  t h i s  t h e s i s  was d i r ec t ed  a t  i nves t iga t ing  

the  usefulness  of l o c a l i z i n g  sources of i n t e r i c t a l  discharges. The 

r e s u l t s  i n d i c a t e  t h a t  the i n t e r i c t a l  discharge l o c a l i z a t i o n  may prove t o  

be useful .  As a  consequence of these  f ind ings  i t  i s  postulated t h a t  P E G ,  

once s u f f i c i e n t  numbers of e p i l e p t i c s  wLth s t r u c t u r a l  abnormali t ies  and/or 

depth EEGs have been t e s t ed ,  dl1 o f f e r  a  s a f e  and accura te  a l t e r n a t i v e  t o  

t r a d i t i o n a l  l o c a l i z a t i o n  techniques. 



APPENDIX A: THEORETICAL CONSIDERATIONS I N  THE INTEKPKETATION OF TJ5E MEG 



NEURAL GENESIS OF THE MEG AND THE CURRENT DIPOLE 

The goal  of most biomagnetic s t u d i e s  is  t o  determine t h e  loca t ion  of 

neu ra l  generators  responsible  f o r  normal and pa thologica l  func t ion  of the  

brain.  Simplifying assumptions a r e  made i n  order  t o  es t imate  the  

loca t ion ,  o r i e n t a t i o n  and s t r e n g t h  of c u r r e n t s  responsible  f o r  magnetic 

f i e l d s .  Most researchers  use the  model of a simple curr-ent d ipole  i n  an  

homogeneous sphere. Based on t h i s  model, and theory derived from 

empir ica l  evidence, a c t i v i t i e s  of p a r t i c u l a r  c e l l  groups a r e  proposed t o  

give r i s e  t o  t he  biomagnetic f i e l d s  observed. This appendix w i l l  descr ibe  

t h i s  evidence and theory. 

Phys io logica l  sources of neuromagnetic f i e l d s  

E l e c t r i c a l  a c t i v i t y  of neurons can be descr ibed i n  terms of two major 

components, the  slow graded p o t e n t i a l s  of synapt ic  t ransmission (synapt ic  

p o t e n t i a l s ) ,  and the rap id  all-or-none p o t e n t i a l s  of axonal t ransmission 

( ac t ion  po ten t i a l s ) .  Both types a r e  t h e  r e s u l t  of ion  concentrat ion 

changes across  the  c e l l  membrane. These changes give r i s e  t o  cu r r en t s  

flowing wi th in  the  i n t r a c e l l u l a r  s t r u c t u r e  i n  one d i r e c t i o n  a s  wel l  as low 

dens i ty  e x t r a c e l l u l a r  volume c u r r e n t s  flowing i n  the  opposi te  d i r e c t i o n  

(Wikswo, 1983). Scalp-recorded e l e c t r i c a l  p o t e n t i a l s  recorded by the  

electroencephalogram (EEG) a r e  bel ieved t o  a r i s e  pr imari ly  from 

e x t r a c e l l u l a r  c u r r e n t s  (Gabor, 1978). On the  o the r  hand, the  d ipole  

o r i e n t a t i o n  f o r  magnetic sources i s  i n  the d i r e c t i o n  of the i n t r a c e l l u l a r  

c u r r e n t s ,  t he re fo re ,  the m a p e t i c  f i e l d s  sensed by the MEG a r e  bel ieved t o  

a r i s e  pr imar i ly  from i n t r a c e l l u l a r  cu r r en t  flow (Cohen & Hosaka, 1976). 

Experimental evidence which supports  these  conclusions comes from s tud ie s  

of i s o l a t e d  neurons (Swinney & Wikswo, 1981) where the  i n t r a c e l l u l a r  



cu r ren t  c l e a r l y  dominates the  recorded magnetic f i e l d .  The e x t r a c e l l u l a r  

cu r r en t  con t r ibu te s  l i t t l e  because of i t s  low densi ty .  

I n t r a c e l l u l a r  c u r r e n t s  a r i s i n g  from both  ac t ion  p o t e n t i a l s  and 

synapt ic  p o t e n t i a l s  could t h e o r e t i c a l l y  con t r ibu te  t o  the  magnetic f i e l d s ,  

however, t h i s  i s  not bel ieved t o  be the  case  f o r  the following reasons: 

Action p o t e n t i a l s  a r e  comprised of a  negat ive p o t e n t i a l  assoc ia ted  with 

depolar iza t ion  and a  pos i t i ve  p o t e n t i a l  assoc ia ted  with repolar iza t ion .  

These occur within a  very s h o r t  i n t e r v a l ,  and i n  r e l a t i o n  t o  the  time 

r e s o l u t i o n  of the  recording system can be considered t o  r e s u l t  i n  mutual 

cance l la t ion .  I n  addi t ion ,  the  r a t e s  of diminution of the  two f i e l d s  over 

u n i t  d i s tance  a r e  unequal. I n  the case of f i e l d s  a r i s i n g  from synapt ic  

a c t i v i t y ,  t h e  graded f i e l d s  should approximate a  cu r r en t  dipole.  

Furthermore, cu r r en t  d ipoles  a r e  analogous t o  an e l e c t r o s t a t i c  charge 

d ipole ,  a  pos i t i ve  and a  negat ive poin t  separated i n  space, the  magnetic 

f i e l d s  of which diminish a s  the  inverse  of the  squared dis tance.  I n  the  

case  of ac t ion  p o t e n t i a l s ,  the f i e l d s  would be more accura te ly  modelled a s  

a  cu r r en t  quadrupole because both depo la r i za t ion  and r epo la r i za t ion  a r e  

present  on the  same axon producing i n t r a c e l l u l a r  cu r r en t  flow i n  opposi te  

d i r e c t i o n s  very c lose  i n  space (Tripp, 1981). For a  quadrupole the  

magnetic f i e l d s  diminish a s  the  inverse  cube of the d is tance  (Roth, 

Woolsey & Wiksow Jr.,  1985). Thus, t he  con t r ibu t ion  of these quadrupole 

f i e l d s  w i l l  be considerably smaller per u n i t  d i s t ance  from the source 

compared with those of a  d ipole  f i e l d .  

For the  above reasons, t he  magnetic f i e l d s  sensed by the MEG 

recording device a r e  assumed to  be the  r e s u l t  of i n t r a c e l l u a r  c u r r e n t s  

produced by depolar iza t ion  o r  hyperpolar iza t ion  on the  postsynapt ic  

membrane. The c h a r a c t e r i s t i c s  of pos tsynapt ic  p o t e n t i a l s  (PSP's ) and the 

region of the  c e l l  upon which the  e x c i t a t i o n  o r  i n h i b i t i o n  occurs w i l l  



determine the  d i r e c t i o n  of the  cu r r en t  flow and the s t r eng th  of the 

magnetic f i e l d  a t  a dis tance.  An exc i t a to ry  PSP a r r i v i n g  a t  a dendr i te  

would r e s u l t  i n  t he  mvement of pos i t i ve  ions across  the  c e l l  membrane 

i n t o  the  c e l l ,  causing the  i n t r a c e l l u a r  cu r r en t  t o  flow away from the 

dendr i t e  towards the  c e l l  body ( see  f ig .  12) i n  the d i r e c t i o n  of lower 

r e s i s t ance .  Low dens i ty  e x t r a c e l l u l a r  c u r r e n t s  flowing i n  t he  opposi te  

d i r e c t i o n  w i l l  complete the  loop. The reverse  d i r e c t i o n  of cu r r en t  flow 

w i l l  occur i n  the  case  of an i n h i b i t o r y  PSP. Postsynapt ic  p o t e n t i a l s  may 

a l s o  impinge upon a c e l l  body r e s u l t i n g  i n  cu r r en t  flow toward the  

dendri te .  In  both s i t u a t i o n s ,  these  i n t r a c e l l u l a r  cu r r en t s  can be 

represented a s  a cu r r en t  d ipole  (Gabor, 1978; Okada, 1983). F ina l ly ,  

PSP's a r r i v i n g  a t  the  cen t r e  of the  dendr i te  w i l l  cause cu r r en t  t o  flow i n  

both d i r e c t i o n s ,  a s i t u a t i o n  more adequately represented by a quadrupole 

r a t h e r  than a d ipole  model (Okada, 1983). 

Neuron morphology provides an important cont r ibu tory  f a c t o r  t o  the  

cu r r en t  d ipole  model. Cel l s  which have a symmetrical r a d i a l  configurat ion 

of dendr i t e s  form "closed f i e l d s "  which produce no ex te rna l ly  de tec tab le  

magnetic f i e l d s  s ince  the  cu r r en t s  w i l l  cancel.  Those c e l l s  which have a 

s i n g l e  dendr i t e  and a long axon form "open f i e l d s "  which produce l a rge  

magnetic f i e l d s  de tec tab le  a t  a d i s tance  (Lorente de No, 1947, from Okada, 

1983). Morphologically ms t  neurons f a l l  between these  two extremes. It 

i s  est imated t h a t  d ipo la r  conf igura t ions  of a c t i v i t y  detected by the  MEG 

(and the  EEG) must be the  r e s u l t  of simultaneously ac t ive ,  c lo se ly  spaced 

c e l l s  i n  p a r e l l e l  o r i en t a t ion .  Magnetic f i e l d s  c o n s i s t  of both r a d i a l  and 

t a n g e n t i a l  components. MEG measurements a r e  made i n  such a manner t h a t  t he  

r a d i a l  component of the magnetic f i e l d  i s  s e l e c t i v e l y  detected. I f  the 

head i s  assumed t o  be sphe r i ca l ,  a cu r r en t  d ipole  normal t o  the  sur face  (a 

r a d i a l  d ipo le )  produces no exte ,rnal  magnetic f i e l d  s ince  the  volume 

c u r r e n t  is  perturbed by t i s s u e  change boundaries such t h a t  the  sources 



Fig. 12 Schematic representation of a pyramidal cell. 

A: Intracellular and extracellular current flow 

following depolarization on the apical dendrite. 

B: Intracellular current flowing away from the 

dendrite toward the cell body. This current can 

be represented as a current dipole. 



from the per turba t ion  j u s t  cance l  t he  f i e l d  from the  cu r r en t  dipole.  on ly  

when the  d ipole  i s  o r i en t ed  t angen t i a l l y  w i l l  i t  produce a n e t  e x t e r n a l  

f i e l d  (Williamson & Kaufman, 1981; Baule & McFee, 1965). Hence the  

c e l l u l a r  sources must be ly ing  a t  an o r i e n t a t i o n  t angen t i a l  t o  t he  scalp. 

The c e l l s  which most adequately f i t  these  morphology and o r i e n t a t i o n  

r e s t r i c t i o n s  a r e  the  pyramidal c e l l s ,  p a r t i c u l a r l y  those of the  co r t ex  

which e x h i b i t  both columnar organiza t ion  and appropr ia te  morphology f o r  

t h e  production of de t ec t ab le  magnetic f i e l d s .  Due t o  the  t angen t i a l  

o r i e n t a t i o n  c o n s t r a i n t ,  the  d ipoles  a r e  proposed t o  a r i s e  from pyramidal 

c e l l s  i n  the s u l c i  r a t h e r  than the g y r i  of the  co r t ex  (Okada, 1983). 

However, t he  sphe r i ca l  assumption i s  c r i t i c a l ,  a s  i s  the  assumption t h a t  

recordings taken normal t o  the  s k u l l  w i l l  r e s u l t  i n  the  gradiometer being 

r a d i a l  t o  t he  or igin.  I f  these  assumptions a r e  v io l a t ed  the  

i n t e r p r e t a t i o n s  discussed above may be somewhat of an overs impl i f ica t ion .  

This  i s s u e  w i l l  be discussed f u r t h e r  i n  the  following sect ion.  

Source es t imat ion  and the  assumption of s p h e r i c i t y  

Magnetic f i e l d s ,  a s  has been s t a t e d ,  c o n s i s t  of r a d i a l  and t angen t i a l  

components. The cu r ren t  d ipole  model and assumption of s p h e r i c i t y ,  

combined with a p a r t i c u l a r  recording technique, t h e o r e t i c a l l y  give r i s e  t o  

s e l e c t i v e  de t ec t ion  of the r a d i a l  component (Weinberg, Stroink & Kat i l a ,  

I n  press).  The biomagnetic measurements a r e  made with an instrument known 

a s  a gradiometer ( see  Appendix B f o r  a complete desc r ip t ion  of the  

instrumentat ion) .  As the gradiometer i s  s equen t i a l l y  w v e d  over a d ipolar  

source i t  w i l l  d e t ec t  magnetic f i e l d s  emerging from one a rea  of the head 

and r een te r ing  a t  another ( t h e  maxima and minima). A t  a l l  times, the  

gradiometer i s  kept a t  an angle normal t o  t he  s k u l l  sur face ,  which should 

r e s u l t  i n  t h e  r a d i a l  component being s e l e c t i v e l y  recorded by the  MEG. 



Tangential  components a r i s i n g  from per turba t ion  of volume c u r r e n t s  a t  

t i s s u e  change boundaries a r e  thereby ignored. This s i m p l i f i e s  the 

i n t e r p r e t a t i o n  of the  f i e l d s .  As a f u r t h e r  consequence of the  recording 

procedure, a nu l l - f lux  zone i s  recorded over the poin t  of f i e l d  d i r e c t i o n  

reversa l .  A t  t h i s  point  no f l u x  from the r a d i a l  component of the  f i e l d  

e n t e r s  the  r i n g  which r e s u l t s  i n  a n u l l  region. The d is tance  separa t ing  

the  two extrema y ie lds  information regarding the depth of the  d ipole  by 

t h e  Biot-Savart Law (see  Appendix B). The s t r eng th  o r  moment of the  

d ipo le  can then be est imated from the  s t r eng th  of the f i e l d  and the  

est imated depth. The a c t u a l  determinat ion of l oca t ion  of sources based on 

recorded magnetic f i e l d s  i s  an example of the  "inverse problem" 

(Helmholtz, 1853, from Williamson & Kaufman, 1981b), there  being no unique 

neuronal source conf igura t ion  which would give r i s e  t o  p a r t i c u l a r  f i e l d s .  

Most researchers  employ the s imp l i f i ed  m d e l  of a cu r r en t  d ipole  i n  an 

homogeneous sphere with the d ipole  l y ing  a t  the midpoint between the  two 

extrema. Much neurophysiological  evidence i n d i c a t e s  t h a t  func t iona l ly  

meaningful generators  of f i e l d s  a t  the  sca lp  a r e  b e s t  thought of as 

equiva len t  dipoles.  That is ,  the equiva len t  dipole  represents  the sum of 

a l a rge  a c t i v e  a r ea  with the  equivalent  d ipole  l y ing  a t  t he  centre .  

Although the  s k u l l  i s  not sphe r i ca l ,  and the t i s s u e  is  not 

homgeneous, these  assumptions have appeared t o  give reasonable accuracy 

f o r  l o c a l i z a t i o n  purposes. Further  j u s t i f i c a t i o n  f o r  the use of an 

homogeneous sphere model l i e s  i n  the  f a c t  t h a t  concent r ic  l aye r s  of 

d i f f e r i n g  r e s i s i t i v i t i e s  have no e f f e c t  upon the normal component of the  

magnetic f i e l d  outs ide  the  sphere (Grynspan & Geselowitz, from Pelizonne, 

1985). Addit ional  support comes from s t u d i e s  of sensory evoked magnetic 

f i e l d s .  These s t u d i e s  show t h a t  experimental sensory s t imula t ion  produces 

f i e l d  pa t t e rns  with a d ipo la r  d i s t r i b u t i o n ,  and t h a t  es t imates  of source 

depth produce so lu t ions  which a r e  phys io logica l ly  reasonable (Kaufman, 



Okada, Brenner & Williamson, 1981; Mclin, Okada, Kauflllan & Williamson, 

1983). Nevertheless,  the  sphe r i ca l  assumption has been shown by Kicci 

(1983) t o  prduce e r ror .  I n  addi t ion ,  a recent  r epo r t  (Weinberg e t  al., 

1986) i n  which d ipoles  were implanted i n  a s k u l l ,  demonstrated t h a t  

l oca t ion  es t imates  were more accura te  when the t rue  shape of the  s k u l l  was 

considered. 

I f  the  assumption of sphe r i c i t y  is  v io l a t ed  s u f f i c i e n t l y ,  the  

gradiometer when normal t o  the s k u l l  sur face  w i l l  not necessar i ly  be 

r a d i a l  t o  the  or ig in .  This non-radial measurement w i l l  r e s u l t  i n  

non-radial components of the  magnetic f i e l d  being recorded. This means 

t h a t  d ipoles  which a r e  not  tangen , t ia l ly  or ien ted  t o  the s k u l l  may 

con t r ibu te  t o  t h e  observed data. It is  a l s o  poss ib le  t h a t ,  under these  

condi t ions ,  there  may be a con t r ibu t ion  from volume cur ren ts  (Weinberg, 

personal  communication, 30th Ju ly ,  1986). Although there has been no 

systematic  a t  tempt t o  record from non-tangential  dipoles  by d e l i b e r a t e  

manipulation of t he  gradiometer placement, Sutherl ing e t  a l . ,  1985 

pos tu la ted  t h a t  d i s t o r t i o n  of f i e l d s  observed over the cheek a rea  of the  

f a c e  may have been due t o  non-radial measurement. The dipole  l o c a l i z a t i o n  

program used i n  the  present  study i s  not  dependent upon the gradiometer 

being r a d i a l  t o  the or ig in .  



APPENDIX B: INSTRUMENTATION 



INTRODUCTION 

The recording of e l e c t r i c a l  p o t e n t i a l s  of the  bra in  has played a 

s u b s t a n t i a l  r o l e  i n  cl i .nica1 diagnosis  and research f o r  many years. 

Despite the  usefulness  of the  technique however, i t s  l i m i t a t i o n s  have been 

w e l l  docuented .  It is  wel l  known t h a t  much information i s  l o s t  due t o  

t i s s u e s  and f l u i d s  in te rvening  between the  sources of b r a i n  a c t i v i t y  and 

sca lp  e lec t rodes  (Abraham & Ajmone Marsan, 1958), and t h a t  subcor t i ca l  and 

c o r t i c a l  recordings a r e  obviously, except i n  a few cases ,  no t  possible .  

Al te rna t ive  techniques f o r  accura te  l o c a l i z a t i o n  of c e r e b r a l  sources of 

b r a i n  a c t i v i t y  a r e  being inves t iga ted .  One which shows p a r t i c u l a r  promise 

f o r  a non-invasive technique i s  the  magnetoencephalogram, the  

in t s t rumenta t ion  b a s i s  of which i s  the  superconducting quantum 

in t e r f e rence  device (SQUID). 

1970 saw the in t roduct ion  of the  rad io  frequency ( r . f . )  SQUID 

(Clarke, l986),  a device which r ap id ly  became commercially ava i l ab l e ,  

opening up a reas  of research and experimentation which would previously 

have been impossible outs ide  low-temperature physics labora tor ies .  The 

SQUID permits the  recording of the  t i ny  magnetic f i e l d s  of the  b ra in  (and 

o the r  organs) ,  which unl ike e l e c t r i c a l  p o t e n t i a l s  a r e  not  d i s t o r t e d  by 

passage through the  s k u l l ,  sca lp  and dura. 

This appendix focuses on the  technology of t he  recording systems 

cu r ren t ly  i n  use i n  biomagnetometry and, i n  p a r t i c u l a r ,  the 

instrumentat ion used f o r  the c o l l e c t i o n  of da t a  f o r  t h i s  t hes i s .  

Following a d iscuss ion  of ,the superconducting quantum in t e r f e rence  device 

and f l u x  t r anspor t e r  is  a desc r ip t ion  of t h e  methods by which a cryogenic 

environment is  provided and sus ta ined ,  and cons idera t ion  of the  

development of gradiometers and t h e i r  e f f e c t s  on recordings of sources of 



b r a i n  a c t i v i t y .  In  the f i n a l  s ec t ion  there  i s  a b r i e f  o u t l i n e  of the 

automated gantry system cu r ren t ly  i n  use a t  Simon Fraser  University.  

SQUID 

The SQUID (Superconducting Quantum In t e r f e rence  Device) is  the  

instrumentat ion b a s i s  f o r  the  de t ec t ion  of t he  small  magnetic f i e l d s  of 

the  brain.  I n  order  t o  expla in  the  p r inc ip l e s  involved i t  i s  necessary t o  

descr ibe  the  two major components of t he  device: 1.The superconducting 

r ing ,  and 2. The Josephson junction. 

1. The superconduct ing r ing  

Although the  phenomena of decrease i n  r e s i s t a n c e  with decrease i n  

temperature had been known f o r  many years ,  superconduct ivi ty  was 

discovered by Onnes i n  1913. He repor ted  t h a t  when the temperature of 

mercury was lowered t o  4.2 degrees Kelvin i t  showed a sudden, and 

apparant ly complete l o s s  of res i s tance .  This discovery had profound 

impl ica t ions ,  f o r  without r e s i s t ance  one may have an i n d e f i n i t e l y  flowing 

current .  More important f o r  many present  day app l i ca t ions  of 

superconduct ivi ty  i s  i t s  use f o r  the de t ec t ion  of extremely small s i g n a l s ,  

be  they emanating from the b r a i n  o r  be they nuclear-spin noise  (Clarke, 

1986). 

Superconductors a r e  now genera l ly  made from niobium, which, l i k e  

mercury, when lowered t o  temperatures near absolu te  zero (0 degrees 

Kelvin) . a l s o  Poses a l l  r e s i s t a n c e  t o  cu r r en t  flow. Unlike mercury, the  

t r a n s i t i o n  temperature ( t h a t  temperature t o  which a p a r t i c u l a r  ma te r i a l  

must be lowered t o  produce the  s t a t e )  i s  9.2 degrees Kelvin (Zimmerman, 

1983), a l i t t l e  higher than t h a t  f o r  mercury. The superconducting r i n g  



quartz cylinder 

rupcrconducting ring 

dosephson junction 

Fig. 13 Diagramatic representation of SQUID detection system. 

A: Quartz cylinder with superconducting ring and 

Josephson junction. 

B: Shows the relationship between the ring and the flux 

transporter, and the negative feedback electronics. 

Adapted from Kaufman & Williamson, 1980. 



i s  manufactured by depos i t ion  of a f i l m  of niobium onto a quartz  cy l inder  

(Clarke, 1986) (Figure 13a) 

Long a f t e r  t he  discovery of superconductivi. t y  Bardeen, Cooper and 

Shr i e f f e r  (1957, from Erne, 1983a), developed a theory of t he  

superconducting s t a t e .  They pos tu la ted  t h a t  a t  very low temperatures a 

weak a t t r a c t i o n  force  between e l ec t rons  binds them together  i n  pairs .  I n  

t h i s  s t a t e ,  unl ike the normal-temperature s t a t e ,  the  e lec t rons  cooperate. 

I n  a ma te r i a l  a t  normal temperature, e l ec t rons  behave randomly with 

r e spec t  t o  one another ,  bu t  i n  t he  paired s t a t e  of low temperature t h e  

e l ec t rons  behave non-randomly with respect  t o  one another. An important 

f e a t u r e  of t he  e l ec t ron  cooperat ion i s  t h a t  the e l ec t rons  a l l  respond 

s i m i l a r l y  t o  an appl ied  f l u x  by showing wave-like proper t ies  through the  

superconducting r ing.  For reasons which w i l l  become c l e a r e r  during the  

d iscuss ion  of the Josephson junction, t h i s  wave funct ion must meet at  the  

same phase a s  i t  joins  on i t s e l f  around the  circumference of a ring. The 

a c t u a l  wavelength present  a t  any time around the r i n g  i s  determined by the  

t o t a l  magnetic f l u x ,  phi,  ( f i e l d  x a r e a )  wi th in  the circumference. The 

e f f e c t  of ex t e rna l  f i e l d s  on the wavelength i n  the superconductor is the  

b a s i s  f o r  i t s  u t i l i t y  f o r  the  de t ec t ion  of t i n y  magnetis f i e l d s  (Kaufman & 

Williamson,. 1980). 

Cooling of a r i n g  t o  produce superconduction i s  achieved by immersion 

i n  l i q u i d  helium which has a b o i l i n g  poin t  of 4.2 degrees Kelvin. The 

i n i t i a l  in t roduct ion  of cu r r en t  i n t o  t h e  superconducting r i n g  can be 

achieved e i t h e r  during o r  a f t e r  cooling. For purposes of t h i s  d i scuss ion  

i t  w i l l  be assumed t h a t  the  in t roduct ion  of cu r r en t  takes place during 

cooling. I f ,  during the  cool ing process,  a magnet i s  placed near t o  t he  

r i n g  t h e  r e s u l t i n g  quantized f l u x  w i l l  remain trapped in s ide ,  and w i l l  be 

maintained by a cu r r en t  which flows on the  i n s i d e  Gurface of the  ring. 



Any magnetic f i e l d  which i s  brought near t o  the r ing  a f t e r  the i n i t i a l  

cu r r en t  i s  s e t v p  w i l l  induce a second, s imi l a r  cur ren t ,  which flows on 

the  outs ide  sur face  l aye r  of t he  ring. The second cur ren t  i s  c a l l e d  a 

sh i e ld ing  cu r ren t  because i t s  orthogonal  magnetic f i e l d  w i l l  oppose the  

in t roduc t ion  of f u r t h e r  f i e l d s ,  as long a s  they a r e  l e s s  than o r  equal  t o  

it. This opposi t ion i s  known a s  the  Meissner e f f e c t  (Kaufman & 

Williamson, 1980). Should the  appl ied  f i e l d  be l a r g e r  than the opposing 

f i e l d ,  superconduct ivi ty  w i l l  break down (S. Gygax, personal communication 

March 20,  1986). 

Because the  sh i e ld ing  cu r ren t  prevents t he  in t roduct ion  of f i e l d s  

i n t o  the  r ing ,  even though the r i n g  i s  extremely s e n s i t i v e ,  those very 

s igna l s  i n  which a researcher  i s  i n t e r e s t e d  w i l l  go undetected by the  

device. Hence, the  Meissner e f f e c t  precludes the  use of a simple 

superconducting r i n g  as a device t o  d e t e c t  magnetic f i e l d s .  A r e l a t i v e l y  

simple m d i f i c a t i o n  however, known a s  a Josephson junction, provides a 

device which has the  advantage of high s e n s i t i v i t y  provided by the  bas i c  

r i ng ,  bu t  circumvents the sh i e ld ing  e f f e c t .  

2. The Josephson junction 

The Josephson junction, b a s i c a l l y  a weak l i n k  i n  the r ing ,  can be 

manufactured inba number of d i f f e r e n t  ways (Weinberg, Stroink & Kat i l a ,  In  

p re s s ) ,  bu t  i s  o f t en  produced by c u t t i n g  away pa r t  of the r i n g  a t  one 

poin t  t o  leave a narrow bridge (Kaufman e t  a l . ,  1980) ( see  Figure 13a). 

Once a Josephson junction i s  introduced t o  the  superconducting r ing ,  the  

app l i ca t ion  of magnetic f l u x  e f f e c t s  t he  e l ec t ron  wave-function a t  t he  

junction, thereby changing the  e l e c t r i c a l  p rope r t i e s  of the  loop (Erne, 

1983b). The c h a r a c t e r i s t i c s  of the  weak l i n k  determtne the  c r i t i c a l  

c u r r e n t  of the  SQUID, t h a t  is ,  how much cu r ren t  can flow while the r ing  

remains at zero r e s i s t ance  across  the l i n k  (Kaufman e t  a l . ,  1980). As  the 



sh ie ld ing  cu r ren t  passes through the  l i n k  it becomes temporarily 

i n e f f e c t i v e  a t  opposing appl ied f l u x  because i t  i s  of much lower value a t  

t he  l i n k  than through the  r e s t  of the  ring. This Property al lows magnetic 

f l u x  t o  e n t e r  i n t o  the  r i n g  through the  l i n k  i n  some mul t ip le  of f l u x  

quanta. Once the  f l u x  has entered the  r i n g  r e v e r t s  t o  a superconducting 

s t a t e .  The spec i f i ca t ions  of the  l i n k  a r e  o f t e n  chosen such t h a t  one f l u x  

quantum ( t h e  f l u x  quantum, phi nought, i s  the  fundamental u n i t  of f l u x  

equal l ing  2E-15 t e s l a  per square metre) w i l l  en t e r  the  r ing  a s  it becomes 

temporarily normal (Romani, Williamson & Kaufman, 1982). A steady 

increase  i n  the  f i e l d  causes the  process t o  repea t  pe r iod ica l ly  (~aufman 

e t  a l .  , 1980), i n  a step-wise l i n e a r  manner. 

A superconducting r i n g  with a Josephson junction is  known a s  a 

Superconducting Quantum In t e r f e rence  Device (SQUID). The rad io  frequency 

SQUID o r i g i n a l l y  developed by Zimmerman (Weinberg e t  a l . ,  I n  p re s s )  

c o n s i s t s  of a r i n g  with one weak l ink.  I n  a d i r e c t  cu r r en t  (d.c.) SQUID 

t h e  r ing  has two weak l i n k s ,  t he  desc r ip t ion  of which i s  beyond the scope 

of t h i s  paper, except t o  say t h a t  i t  i s  a w r e  s e n s i t i v e  instrument 

(Clake, 1986). Despite the  f a c t  t h a t  the  doc. type i s  not i n  colnmon use 

i t  i s  gaining i n  popular i ty .  

FLUX TRANSPORTER 

The SQUID is  not  used t o  d i r e c t l y  sense the magnetic f i e l d s  because 

i t  must be surrounded by an i n s u l a t i n g  chamber (which w i l l  be described i n  

more d e t a i l  below), t o  i s o l a t e  i t  from the  biomagnetic and ambient f i e l d s *  

This  sh i e ld ing  serves  t o  prevent any f i e l d s  from inf luencuing the SQUID 

except f o r  those from a f l u x  t r anspor t e r  (Figure 13b.). The f l u x  

t r anspor t e r ,  a l s o  known a s  a f l u x  transformer, i s  a de tec t ion  c o i l  made of 



superconducting ma te r i a l  which forms a closed c i r c u i t  with the  SQUID 

through an input  c o i l .  The s i z e  and geometry of the c o i l s  is  chosen t o  

maximize the s ignal- to-noise r a t i o  based on information about b i o l o g i c a l  

sources%and ambient no ise  (Kaufman & Williamson, 1980). A changing 

magnetic f i e l d  imposed upon the  de t ec t ion  c o i l  induces an e l e c t r i c  f i e l d  

and an assoc ia ted  cu r r en t  which flows t o  the input co i l .  A t  the s i t e  of 

t h e  input  c o i l  the  cu r r en t  e s t a b l i s h e s  a magnetic f i e l d  t o  which the  SQUID 

responds. This combination of f l u x  t r anspor t e r  and SQUID i s  known as a 

magnetometer. E lec t ronic  c i r c u i t s ,  including a radio frequeficy c i r c u i t  

ou t s ide  the  SQUID, r e g i s t e r  t he  SQUID responses. By r e g i s t r a t i o n  of these  

responses the c i r c u i t s  provide an output  vol tage proport ional  t o  t he  

magnetic f l u x  appl ied t o  t he  SQUID (Erne, 1983). Negative feedback 

cuurent ,  i n  proport ion t o  the appl ied  f i e l d ,  i s  provided by the monitoring 

c i r c u i t s  through a c o i l  wrapped around the  SQUID. The purpose of t h i s  

feedback i s  t o  improve s e n s i t i v i t y  by cance l l ing  the e f f e c t s  of the  

appl ied  f i e l d ,  thereby ulaintaing the  t o t a l  f l u x  i n  the SQUID inva r i an t  

(Kaufman e t  a l . ,  1980; Romani e t  a l . ,  1982). 

CKYOGENICS AND DEWARS 

One of t he  major problems i n  biomagnetics technology is  the  

maintainence of temperatures s u f f i c i e n t l y  low t o  produce 

superconductivity.  For the  purpose of producing and maintaining low 

temperature SQUID sensing devices  r equ i r e  a cryogenic environment, usua l ly  

provided by immersion i n  l i q u i d  helium which has a bo i l i ng  point  of 4.2 

degrees Kelvin (Kelvin is the  Systeme I n t e r n a t i o n a l  u n i t  of absolu te  

temperature, t h a t  temperature a t  which a l l  thermal energy i s  removed). In  

t h e  case of sensing devices the purpose of lowering temperature i s  t o  

decrease the  r e s i s t ance  of the  sensing mater ial .  Resistance a t  normal 



temperature is  a funct ion of thermal f l uc tua t ions  of e lec t rons  within the  

ma te r i a l  which present  obs t ac l e s  t o  current-carrying e l ec t rons  (Zimmerman, 

1983). I n  normal-temperature conduction these thermal f l u c t u a t i o n s ,  a l s o  

known a s  Nyquist no ise ,  produce a vol tage f luc tua t ion  which, i n  the case 

of a wire can be detected a t  i t s  terminals.  The thermal f l u c t u a t i o n s  a r e  

e n t i r e l y  random i n  na ture  and the re fo re  car ry  no information o the r  than 

temperature which i s  coded i n  t h e i r  magnitude. Nyquist no ise  places a 

lower l i m i t  on s e n s i t i v i t y ,  because s igna l s  of smaller magnitude than the  

no i se  a r e  undetectable.  This problem can be circumvented with the  use of 

cryogenical ly  produced superconductivity.  MEG i n  pa r t i cu l a r  r equ i r e s  the  

g r e a t e r  s e n s i t i v i t y  provided by superconduction, which i s  achieved by 

decreasing the k i n e t i c  energy, which i n  turn  decreases the thermal 

f l uc tua t ions .  In  t h i s  s t a t e  t he re  i s  no r e s i s t ance  to  the flow of cu r r en t  

ca r ry ing  e l ec t rons ,  and no noise  t o  mask the minute s ignals .  

The in su la t ed  chamber, usua l ly  made of f i b reg la s s ,  which provides the  

cryogenic environment s u i t a b l e  f o r  the  SQUID, is c a l l e d  a dewar, t he  name 

of i t s  inventor.  It i s  b a s i c a l l y  a vacuum f l a s k  containing the helium i n  

which the  SQUID i s  immersed. In su la t ive  ma te r i a l  is mounted i n  the  vacuum 

t o  prevent heat  r ad i a t ion ,  while vapor cooled sh i e lds  absorb any hea t  and 

conduct i t  away from the c o i l s ,  and eventual ly  out  of the  dewar (Crum, 

1985). Typical ly ,  the dewar conta ins  3 t o  10 l i t r e s  of helium which b o i l s  

of f  over a few days so r equ i r e s  f requent  f i l l i n g .  Closed system dewars 

a r e  cu r r en t ly  under development which can po ten t i a l l y  a l l e v i a t e  the 

neces s i ty  f o r  f requent  r e f i l l i n g  by t r a ined  personnel (Tward, 1985). As  

mentioned, the dewar not  only provides the  cryogenic environment, i t  a l s o  

serves  t o  sh i e ld  the  SQUID from a l l  magnetic f l u x  except t h a t  provided by 

the  f l u x  t ranspor te r .  



GRADIOMETERS 

Detection c o i l s  a r e  capable of de t ec t ing  very small magnetic f i e l d s  , 
bu t  they a r e  not  capable of d i scr imina t ing  them from background f i e l d s ,  

and w i l l  respond t o  magnetic f i e l d s  no matter  what t he  d is tance  from 

source. As  a r e s u l t ,  d i s t a n t  sources obscure f i e l d s  from the  brain. The 

major sources of i n t e r f e rence  include the  ea r th ' s  r e l a t i v e l y  l a rge  

magnetic f i e l d  which i s  approximately 70E-5 Tesla,  a s  wel l  a s  o the r  

sources common t o  urban environments, such a s  e l eva to r s ,  power l i n e s  and 

cars .  The r e j e c t i o n  of these  ambient f i e l d s  has presented a chal lenge 

which has been addressed by seve ra l  d i f f e r e n t  approaches: 1. i s o l a t i o n  of 

t h e  labora tory  2. sh i e ld ing  around the  labora tory  and, 3. use of t he  

gradiometer i n  the  recording system. . 

1. I so l a t ion .  Locating the  labora tory  i n  a r u r a l ,  non-noisy environment 

has been the  r e l a t i v e l y  successfu l  approach taken by one group of 

researchers  (Ricci  e t  a l ,  1983). However, it i s  an imprac t ica l  long-term 

s o l u t i o n  f o r  a technique f o r  which the re  a r e  hopes of a f u t u r e  s i g n i f i c a n t  

c l i n i c a l  impact. Hospi tals ,  with t h e i r  heavy r e l i a n c e  on technology, 

present  a p a r t i c u l a r l y  noisy environment. 

2. Shielding. Shielding has been the  approach of s eve ra l  i nves t iga to r s  

(Erne, 1983b). This a l s o  presents  s e r ious  drawbacks. Some forms of 

sh i e ld ing  a r e  extremely heavy and expensive (Sato, l985),  which limits 

t h e i r  use. Other forms, which a r e  l e s s  expensive, have performed well  

u n t i l  necessary pieces of equipment such a s  v i s u a l  s t imula tors  a r e  

introduced t o  the  environment, which de fea t s  the  purpose of the  shielding.  

3. Gradiome te rs .  Explanation of the  p r inc ip l e s  of gradiome t e r s  

n e c e s s i t a t e s  a b r i e f  account of the e f f e c t s  of magnetic f i e l d s  on co i l s .  



Changing magnetic f i e l d s  produce e l e c t r i c  f i e l d s  which, i n  a conducting 

medium, w i l l  produce a cu r r en t  i n  a c o i l ,  a process termed induction. The 

induced cu r ren t  w i l l  i n  t u r n  s e t  up an opposing magnetic f i e l d  within a 

c o i l .  Gradiometers a r e  constructed of a number of c o i l s  with a 

d e l i b e r a t e l y  designed geometric conf igura t ion  chosen to  d i sc r imia t e  

between magnetic sources while maximizing s e n s i t i v i t y .  

Gradiometers have proven t o  be t h e  mast p r a c t i c a l  t o o l  f o r  mast 

neuromagnetic reseach groups. They measure the  r a t e  of change of t he  

f i e l d  a s  a funct ion of d i s tance  from the  source (Sato, 1985). In  t h i s  

approach the  de tec t ion  c o i l  is supplemented by add i t i ona l  c o i l s  placed a t  

d i s t ances  appropr ia te  f o r  d i scr imina t ion  aga ins t  unwanted sources. These 

p a r a s i t i c  c o i l s  a r e  oppos i te ly  wound with respec t  t o  each o ther  r e s u l t i n g  

i n  s e n s i t i v i t y  t o  nearby biomagnetic sources and r e j e c t i o n  of d i s t a n t  

no ise  sources. The opposi te  winding i s  s i g n i f i c a n t  with respec t  t o  the  

i n t e n s i t y  of magnetic f i e l d s  over d is tance  as the f i e l d s  decrease a s  l / r  

f o r  the f i r s t  order  grad ien t ,  where r i s  the  d is tance  from the s o u r c e ' t o  

t h e  detector .  Thus nearby sources w i l l  produce f i e l d s  which change 

r ap id ly  over sho r t  d i s tances ,  while f i e l d s  from d i s t a n t  sources w i l l  

decrease very much less over the  same distance.  A s  a consequence, very 

d i s t a n t  sources should produce the  same f l u x  i n  each c o i l ,  and s ince  the  

c o i l s  a r e  opposi te ly wound, a f i e l d  producing a pos i t i ve  f l u x  i n  one c o i l  

w i l l  produce a negat ive f l u x  i n  the  next ,  thus,  they w i l l  cancel  one 

another  (Kaufman e t  a l . ,  1980). Since t h e i r  sources a r e  d i s t a n t ,  most 

ambient f i e l d s  a r e  r e l a t i v e l y  uniform. F ie lds  from the  b ra in ,  however, 

w i l l  diminish rap id ly  with d is tance  from the  sca lp  so producing 

d i f f e r e n t i a l  f l u x  a t  the  f i r s t  a s  compared with l a t e r  c o i l s  (Romani e t  

a l . ,  1982). 

Gradiometers can be l s t ,  2nd o r  3rd order.  The simple de tec t ion  c o i l  
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is the baseline length between the parasitic coils. 

Modified from Vrba et al., 1982. 
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gradiometer currently in use at Simon Fraser 

University. Modified from Vrba et a1.,1982. 



i s  a  magnetowter. A f i r s t  o rder  gradiometer c o n s i s t s  of two 

magnetometers separated by a  base l ine  d is tance  and wound i n  opposi te  

d i r e c t i o n s  (Fig 14a), and can de t ec t  a  s p a t i a l  g rad ien t  of magnetic flux. 

Most biomagnetic l abo ra to r i e s  use second order  gradiometers which c o n s i s t  

of two f i r s t  order  gradiometers connected i n  opposi te  o r i e n t a t i o n s ,  

separated by a  second base l ine  d is tance  (Fig 14b) (Vrba, F i f e ,  Burbank, 

Weinberg & Br icke t t ,  1982) which al lows them t o  de t ec t  the  second 

de r iva t ive  of the  s p a t i a l  f i e l d  gradient.  The Brain Behaviour Laboratory 

a t  Simon Fraser  Universi ty  u t i l i z e s  a  t h i r d  order  gradiometer, a  

combination of two second order  gradiometers connected i n  opposi te  

o r i e n t a t i o n  (Fig 14c). The t h i r d  order  device has been demonstrated t o  

have superior  no ise  r e j e c t i o n  c a p a b i l i t y  (Vrba et  al., 1982). 

There is ,  however, a  c o s t  f o r  t h i s  improvement i n  re jec t ion .  Because 

the  c o i l s  form pa r t  of the input  c i r c u i t  of the  SQUID the re  i s  a  decrease 

i n  t he  s e n s i t i v i t y  of the SQUID system r e s u l t i n g  from the  de t ec t ion  c o i l  

shar ing  f l u x  with more compensating c o i l s  ( C a r e l l i ,  Modena & Komani, 

1983). It has been demonstrated t h a t  t h i s  l o s s  i n  s e n s i t i v i t y  i n  higher 

order  gradiometers can be addressed by asymmetrical conf igura t ion  of t he  

c o i l s  (Vrba e t  al., 1382). I n  the  asymmetrical conf igura t ion  the 

p a r a s i t i c  c o i l s  a r e  l a r g e r  than the sensing co i l .  Because t h i s  r e s u l t s  i n  

a  l a r g e r  amount of f l u x  i n  t he  p a r a s i t i c  c o i l s  t he  sensing c o i l  i s  

manufactured with mul t ip le  t u r n s  (Vrba e t  a l ,  1982) i n  order  t o  provide 

equiva len t  a r ea  a t  the  de t ec t ion  c o i l  and p a r a s i t i c  co i l s .  An 

i l l u s t r a t i o n  of the asymmetrically configured 3rd order  gradiometer i n  use 

a t  Simon Fraser  Universi ty  i s  shown i n  Figure 15. 

BASELINE LENGTH AND CX)IL DIAMETER 

. . .  . The in t roduct ion  of a  gradiometer i n t o  a  recording system r a i s e s  



important cons idera t ions  i n  t h e  es t imat ion  of sources. Indeed, the choice 

of var ious  parameters must be based i n  l a rge  pa r t  upon the  types of 

sources the  researcher  i s  in tending  t o  inves t iga te .  Reduction i n  

s e n s i t i v i t y  with higher order  gradiometers has a l ready  disscusqed, bu t  

t he re  a r e  o ther  d i s t o r t i o n s  which must be accounted f o r  when at tempts  a r e  

made t o  l o c a l i z e  underlying generators.  In  addi t ion ,  the  assumed source 

model d i c t a t e s  t o  some ex ten t  the  accuracy of the  f i n a l  l oca l i za t ion .  In  

t h i s  case the model i s  the  cu r r en t  dipole.  

The cu r ren t  dipole  i s  the mst  common source model assumed i n  

neurophysiology. It i s  analogous t o  t he  charge d ipole  of e l e c t r o s t a t i c s  

which has charge and length  dimensions. S imi la r ly ,  the  cu r r en t  d ipole  

model descr ibes  the movement of charge over a  sho r t  d i s tance  (Kaufman e t .  

a l . ,  1980). I n  biomagnetic recording a  d ipole  ly ing  a t  depth d - p a r a l l e l  t o  

t h e  sca lp  w i l l  show one pos i t i on  where the outward f i e l d  i s  a t  a  maximum, 

and a  second pos i t i on  where the  inward f i e l d  i s  a t  a  maximum, the  two 

extrema. The Biot-Savart law can be used t o  descr ibe  the  con t r ibu t ion  t o  

t he  magnetic f i e l d  of cu r r en t  dens i ty  i n  each i n f i n i t e l y  small  volume i n  

space (Kaufman e t  a l .  , 1980). The law shows t h a t  the  d is tance  (d)  between 

t h e  two extrema can be used t o  c a l c u l a t e  the depth of the d ipole ,  because 

the  pos i t i ons  of mst in t ense  f i e l d  d i r ec t ed  inward and outward a r e  

displaced 2 d t o  e i t h e r  s i d e  of t he  d ipole  (Kaufman e t  a l . ,  1981). The 

s t r e n g t h  of the f i e l d  i s  p ropor t iona l  t o  t h e  maximum s t r eng th  of t h e  

normal f i e l d  a t  one extrema. Should the  d ipole  be ly ing  a t  an angle away 

from p a r a l l e l  the  f i e l d  s t r eng th  w i l l  be reduced by the s i n e  of the  angle 

of tilt (Romani e t  a l . ,  1982). Consequently, both the  d is tance  between 

the  extrema and the  apparent s t r eng th  of the  f i e l d  a r e  c r u c i a l  f o r  the  

determinat ion of the  d c t u a l  depth and s t r e n g t h  of the dipole. Choices of 

base l ine  length  and c o i l  diameter w i l l  be r e f l e c t e d  i n  the  da t a  recorded 

by the  system. 



AUTOMATED GAE;ITKY SY STEM 

For accura te  l o c a l i s a t i o n  of d ipole  sources it is  e s s e n t i a l  t h a t  the  

experimenter know the exact recording pos i t i on  over the head. The 

labora tory  a t  Simon Fraser  Universi ty ,  i n  conjunction with Canadian Thin 

Films Corporation, has developed an automated gantry system (Vrba e t  a l . ,  

1985) which not  only allows precise  pos i t ion ing  of t he  gantry with 

r e spec t  t o  the subjec t ' s  head, but  a l s o  records the placement angles  f o r  

use i n  the  da ta  mapping and dipole  l o c a l i z a t i o n  programs. P a r t  of t h i s  

system includes a head modelling rout ine.  For each subjec t  a computer 

head model i s  produced by 3 dimensional d i g i t i z a t i o n  of the head surface. 

The head model i s  then used t o  by the computer-controlled gantry system t o  

pos i t i on  the  dewar over pre-selected pos i t i ons  on the  subjec t ' s  head. 

Should the  dewar pos i t i on  not be qu i t e  normal t o  t he  head sur face  a t  a 

p a r t i c u l a r  point ,  which may occur i f  the  pos i t i on  happens t o  coincide with 

a r eas  of rap id ly  changing s k u l l  sur face ,  opt ions e x i s t  f o r  manual 

adjustment of the normal angle. Information regarding the  f i n a l  angular  

placement of the  dewar with respect  t o  the  head model i s  s tored  by the 

computer f o r  each recording position. These angles  a r e  used i n  the  

mapping rou t ine  and the  dipole  l o c a l i z a t i o n  software a s  an i n t e g r a l  pa r t  

of the  da t a  d isp lay  and s p a t i a l  es t imation of sources. 

CONCLUSION 

With i t s  high degree of s e n s i t i v i t y  the  development of the SQUID has 

opened up new areas  of research and enhanced e x i s t i n g  techniques. Without 

doubt t he  a r ea  i s  s t i l l  i n  the  e a r l y  s t ages  of development and there  

remain s i g n i f i c a n t  technological  problems t o  be overcome. Reject ion of 



Generally,  the  in t roduct ion  of a gradiometer i n t o  the system tends t o  

decrease the observed d is tance  between the  extrema (Romani & Leoni, 1985). 

I n  p a r t i c u l a r ,  small  base l ine  lengths  have been reported t o  d i s t o r t  the  

d i s t ance ,  s imulat ing a shallower,  weaker source (Romani e t  al ,  1982). 

That is ,  i f  the extrema a r e  c lo se  one may i n t e r p r e t  a shallow source, and 

the  s t r eng th  b of the  f i e l d  w i l l  be assumed weaker f o r  a shallow source 

than f o r  a deep source. A f u r t h e r  e f f e c t  of base l ine  length  i s  t h a t  

smaller  base l ines  decrease s e n s i t i v i t y  (Vrba e t  a l . ,  1982). This 

phenomenon i s  a r e s u l t  of t he  g r e a t e r  f l u x  s i m i l a r i t y  i n  c o i l s  a t  sho r t e r  

separa t ion  d i s t ances  than a t  l a r g e r  d i s tances ,  t h a t  i s ,  more f l u x  w i l l  

cancel.  

Coil  diameter has i t s  main impact upon the s e n s i t i v i t y  and s p a t i a l  

r e so lu t ion  of t he  system. Coils  of la rge  diameter,  l a rge  being defined a s  

equal  t o  o r  g rea t e r  than the depth of the  source, increase  the  

s e n s i t i v i t y .  Unfortunately,  t he re  i s  a concomittant increase  i n  the  

recorded noise. A second disadvantage of a ia rge  c o i l  diameter i s  the  

l o s s  of s p a t i a l  r e so lu t ion  which is a r e s u l t  of the  averaging e f f e c t s  of 

a l a rge  c o i l  (Erne, 1983a). F ina l ly ,  a diameter l a r g e r  than o r  equal  t o  

t he  depth of the source places the  extrema f u r t h e r  apa r t  than the  t r u e  

d ipole  pos i t i on  would predic t  (Romani e t  al. ,  1982). Clear ly t he re  i s  a 

t rade-of f  when making dec is ions  about the  c o i l  diameter and base l ine  

lengths.  Correct ions which consider  both parameters must be p a r t  of any 

l o c a l i z a t i o n  technique, and involve cons idera t ion  of the i n t e r a c t i o n  of 

s eve ra l  e f f e c t s .  The d ipole  l o c a l i z a t i o n  program cu r ren t ly  i n  used f o r  

t he  a n a l y s i s  i n  t h i s  study (Harrop e t  a l ,  1986) inc ludes  co r r ec t ions  f o r  

b a s e l i n e  length  and c o i l  diameter. 



ambient no ise  f o r  ins tance ,  although handled we l l  by gradiometers,  

cont inues t o  pose problems. The r e so lu t ion  of these d i f f i c u l t i e s  i s  

recognized by a l l  who use the  technology a s  an a rea  f o r  continued 

inves t iga t ion .  Another major hurdle  i s  i n  the realm of cryogenics. 

Helium i s  expensive, the  dewar i s  l a rge ,  and i t s  present  design limits the  

in t roduc t ion  of multi-channel systems, and the  pos i t ion ing  of sub jec t s  f o r  

recording ( t h e  dewar has a maximum 45 degree angle of t i l t ) .  Again, 

t hese  l i m i t a t i o n s  a r e  recognized and work cont inues t o  e l imina te  the  

problems they pose. It may take seve ra l  mqre years  t o  f i n d  the  so lu t ions ,  

ye t  the p o t e n t i a l  of the  device a s  a research and c l i n i c a l  t o o l  a s su re s  

t h a t  the  process i s  worth pursuing. 
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